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THE FUEL CELL - STATUS AND BACKGROUND®

by

H. A, Liebhafsky and D. L. Douglas
Gener2l Electric Co., Schensctady, New York

A few historical remarks on fuel cell developsent and
a brief review of chemical thermodynamics as applied to fuel cells
will be given. Fuel cells will be classified on the basis of fuel
costs; in particular, the hydrogen-oxygen cell developed at General
Elzctric will be used as an example to compute performance of this
type of c211, .

* Manuscript not received in time for preprinting,
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CARBONACEOUS FUEL CELLS™®

by

H, H., Chambers and A.D.S. Tantram
Sondes Place Research Institute
Dorking, Surrey, England

ABSTRACT

A brief review of work at the Sondes Place Research
laboratory on high temperature fuel cells will be presented.
- Particular attention is given to the problem of the operation
of high temperature fuel cells on carbonaceous fuels,

* Manuscript not received in time for preprinting.
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Not for Publication

Presented before the Division of Gas and Fuel Chemistry
American Chemical Society
Atlantic City, New Jersey, Meeting, September 13-18, 1959

The Hydrogen-Oxygen (Air) Fuel Cell with Carbon Electrodes
by Karl Kordesch

Research Laboratories
National Carbon Company -
Division of Union Carbide Corporation
Cleveland, Ohio

Introduction

The reversal of water electrolysis on platinum electrodes in the first
hydrogen-oxygen cell was demonstrated by W.. Grove in 1839.! Early thecretical
publications appeared shortly after 1900.. Very extensive competitive efforts to
build practical fuel cells started after. World War I, ending in the mid-thirties with-
sut practical results. The improved heat engine, in spite of the efficiency limit
set by Carnot's cycle, discouraged all efforts to-construct fuel battery power plants.
It is beyond the scope of this paper to mention all the various fuel cell constructions
tried during this period. For a comprehensive summary,. see the review written
in 1933 by E. Baur and J. Toblér.2

Practical oxygen carbon electrodes became well known from experi-
ments with air depolarized zinc batteries. Around 1930 G. W. Heise and
E. A, Schumacher at the National Carbon Company3 constructed long lasting
"Air-Cells" with caustic electrelyte, more powerful than the earlier cells operat-
ing with ammonium chloride. But not before 1943, when W. G. Berl published
his studies,* was the peroxide mechanism of the carbon oxygen electrode accepted.

After World War II scientists became strongly aware of the need to
preserve fossil fuels by obtaining higher energy conversion efficiencies and fuel
cell research was revived.

" Again it is impossible to mention all the progress made in recent years
on many different fuel cell systems, but fortunately most communications are
already collected in survey publications and papers. 5,6,

As far as the carbon electrode fuel cell is concerned, O. Davtyan in
Russia® experimented with catalyzed carbon electrodes with unconvincing results.
E. Justi in Ge rmany9 worked initially with carbon, switching later to porous metal
electrodes. The lack of durable catalysts and good carbon materials was obvious.
The hli§h pressure cell of F. T. Bacon seemed to be the only prospective fuel
cell.

In the meantime, realizing that the simplest gas element was a carbon
electrode cell operating at room temperature on air, A. Marko and the author, at
the University of Vienna, investigated catalyzing procedures which led to high
current oxygen electrodes for alkaline cells. A short time later F., Kornfeil, 7
F. Martinola'4 and H. Hunger 13 joined the research group. The performance of
hydrogen-oxygen carbon fuel cells looked very promising, but it was still difficult
to obtain reliable carbon material.

In 1955 the author joined the National Carbon Company and could make
use of the carbon production experience accumulated at this organization. Together
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with R, R. Witherspoon and J. F. Yeager, the present fuel cells have been devel-
oped.

In the following part of this paper the fundamental principles and the per-
formance parameters of our cells will be stressed. Technical descriptions of the
performance of practical batteries have already been presented oy G. E. Evans
at the Twelfth and Thirteenth Anaual Power Sources Conferences of the U.S. Army
Signzl Research & Develcpment Laboratories, 5 :

The Characteristics of the Nation2! Carbon Fuel Cell

The construction of a laboratory type hydrogen-air fuel cell with two
concentric electrodes is shown in Figure 1. The electrolyte is 30 per cent KOH.
The ceil produces electricity as soon as hydrogen is fed into the inner carbon tube,
The outer tube is exposed to air. With more cells in series a common electrolyte
circulation system is provided to remove water or carbonate if necessary. It
should be noted that the CO,-pickup from the air is astonishingly slow. The larger
surface of the outer tube offsets the lower current density of the air electrode.

With pure oxygen-hydrogen cells we prefer equal-surface electrodes to obtain proper
cell balance. Tube bundle cells or plaite cells are chosen in this case.

1. The Oxygen Electrode

The transporation of oxygen through the wall of the carbon tube deter-
mines the current of the electrode. Fick's law for linear diffusion allows a
calculation of the pressure drop between gas side and electrolyte side of the carbon
wall.7 Under a number of operating conditions, it amounts to several percent of
the applied gas pressure, depending on'the load. No gas escapes into the electro-
lyte in a properly operating cell. The pore structure is chosen such that a large
pressure differential is required to produce gas bubbles on the electrolyte-carbon
interface. Penetration of the electrolyte into the carbon is effectively stopped by
a special carbon repellency treatment.

The oxygen molecule adsorbed on the carbon surface is ionized in accord-
ance with the 2-electron transfer process:

10
0{ads.) + H;O + 2e~ — HO,- + OH~

Using special peroxide decomposing catalysts, the hydrogen peroxide concentration
is reduced beyond the sensitivity of aralytical tests to an estimated value of 10~
molar. Suitable catalysts for this purpose are described in the patents by Marko
and Kordesch.l? The low concentration of peroxide corresponds to the open cir-
cuit potential of 1.10 to 1.13 volts against the hydrogen electrode. The oxygen
fcrmed by decomposition of the H,0; is entirely reused. This fact changes the
2-eléctron process to an apparent 4-electron mechanism. Only the 0.1 volt
differences in the open circuit potential of the oxygen-water electrode reveals that
the elecirode is not following the equation

0, + 2H,0 + 4e — 40H"

The hydrogen peroxide mecharism on carbon electrodes was also confirmed by

E. Yezger and co-workers.13 The temperature coefficient of the oxygen electrode
open circuit potential is -1 mv/°C (negative). Under a load condition of 10 ma/em?
we found a positive coefficient of +0.75 mv/°C, increasing with the load.

In accordance with the theory,the oxygen electrode potential must be
dependent on the alkali concentration of the electrolyte. The pH function is shown

e it
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in Figure 2. The slcpe of the cxygen-H,;0;-electrode curve is about 30 to 32 mv
per pH unit, in good azgreement with the postulated value of 29 mv for a 2-electron
process. In solutions cortaining less than 0,01N-caustic, the potential values

are not reproducible. The non-linearity at higher caustic concentration is a direct
measure of the activity coefficiert, The abscissa indicates normality of the KOH,
determined by titration with 1-N-sulfuric acid.

The potential of the oxyger-carbon electrode follows the Nernst equation,
As a result, such electrodes can be used for the determination of oxygen partial
pressures. - The practical usefulness of such electrodes for oxygen sensing ele-
ments is very much increased by the fact that a 1 ma/cm? load does not cause
marked devéations from this behavior in the range between 0.1 to 10 atmospheres
pressure.l Tctal pressure changes give the same indication as partial pressure
changes on open circuit measurements but not under heavy load conditions. In
the latter case the diffusion through the blocking inert gas causes an additional
pressure drop across the carbon electrode wall,

Figure 3 shows typical pressure curves of oxygen carbon electrodes,
measured against an HgO reference electrode.

Tre effect of hydroger peroxide corcentrations in the electrolyte has
beer studied by E, Yeager and co-workersl5 and recently again by W, Vielstich., 17
Tre influence of the pH value of the caustic electrolyte on the hydrogen peroxide
‘decomposition with and without catalysts was studied by Hunger!3 and led to the
remarkable result that a minimum half life of peroxide is observed around pH-14.
Differert catalysts change the half lifetime several magnitudes but the minimum
stzys in the same pH regior. In strorg caustic solutions only the best catalysts
are useful. Urnder pH-13 no catalyst was found wkick prevented a rapid increase
in H,O; half life to values one hundred arnd cre thousand fold that at pH-14.

2. The Hydrogen Electrode

Hydroger is not active on untreated carbon electrodes as shown by care-
tul experiments with carbons free of heavy or precious metals. On our hydrogen
electrodes we depesit a cztalyst on the electrode surface.

The reactior occurring zt the catalytically active sites of the hydrogen
electrode can be represerted by t:e equation

H: (gas) —._ZH(ads. on catalyst)

2H{zds.} + 20H  — 2H,0 + 2e~

As with the oxygen electrede, the structure of the hydrogen electrode is
impertant for the best gas diffusion rate. A permanent three pkase zone:
soiid/gas/liquid, has <o be established by wetproofing of the carbon material. In
additicn we kad to take precautions against 'internal drowring" of the H,-electrode
by the reaction product water. As indicated by the equation above, water forms at
the anode and this creates a seccnd current-limiting situation, at least at low tem-
peratures., (Water-removing mezsures will be discussed in a later paragraph.)

The hydrogern electrode also follows the theoretical pH function very
closely as is skown in Figure 2. The good reproducibility of measurements makes
the carbon-hydrogen electrode a tool for determination of activity coefficients.
Electrode equilibria are reacked in minutes instead of many hours as is required
with the Pt/ Pt black electrode.
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It is not easy to poison our carbon hydrogen electrodes. In four years
of experimental testing of hydrogen electrodes, no electrode has failed as the result
of catalyst poisoning, except for experiments in which large amounts of cyanide
were deliberately introduced. Oxygen is detrimental only if mixed into the hydrogen
in such quantities that large amounts of water form catalytically. This catalytic
recombination feature prevents accumulation of 2 dangerous gas mixture above the
electrolyte. In case of accidental gas leakage, this is important.

The open circuit potential has a small negative temperafure coefficient.
Under load the voltage increases rapidly with temperature, especially in the range
between 20°C ard 70°C.

The pressure sensitivity on open circuit follows the Nernst equation.
Under heavy load conditions, the pressure effect is magnified because of the faster
gas diffusion and higher adsorption values reached under pressure.

3. Removal of Reaction Water

In principle there are four ways of disposing of the reaction water:

a. Operation‘at a temperature near or above 100°C, in the latter case
under higher pressure. : : ’

b. Operation at low temperatures under reduced preséure; current
densities even at 100 mm Hg are above 20 ma/cm? at 0.8 voit.

c. Use of gas circulating principle. Water from the electrolyte evapo-
rates through the porous carbon wall especially if a temperature difference is set up.
The water removal speed depends also on gas flow rates and is limited by the satura-

tion value of water vapor. With a cell'temperature of 70°C and a condenser tem- -
perature of 20°C, 180 g of water is transferred by each cubic meter of gas stream-
ing through the electrodes. Evaporation of water occurs on both electrodes, how-

ever, we find more water at the anode if the cell is operating.

d. Operation at low cell temperatures, allowing all the water to enter
the electrolyte, with concentration of the electrolyte in a separate thermal or low
pressure unit. For low power applications considerable dilution of electrolyte
can be tolerated. The cell operates as well in 20 per cent KOH as in 50 per cent KOH.
For example, a one ampere cell can be operated for one thousand hours with the
production of less than one pound of water.

4. Cell Geometry

Because of the many possible fuel cell constructions, a comparison of
different electrode arrangements and cell constructions had to be made. Figure 4
shows five basic arrangements of electrodes used in fuel cell constructions. The
two-electrode tube cell (A} is the laboratory test cell model, several hundreds of
which have been built to investigate electrode performance. The other constructions
show remarkable improvements as can be seen from the table in Figure 4. The
current factor given in this comparison represents the lower average polarization
achieved by a more uniform potential distribution in the cell., The influence of
ohmic resistance variations is eliminated by using the pulse current technique.
This method made our comparison insensitive to the distance between the electrodes.

The improvement factor in respect to current output per unit volume or
weight is more spectacular than the mentioned polarization drop. Cell D, for
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instance, is 10 times more efficient in volume utilization than type A. The inter-
nal resistance is a major factor to be considered in high current cells. Construc-
tion E is many times better than type C at 100 ma/cm? current densities, but the
difference is negligible at 10 ma/cm?, These few examples show how important the
engineering of fuel cells for special applications can be, independent of electrode

performance.

5. Performance Characteristics

Figures 5 and 6 show the voltage/current curves of hydrogen-oxygen
carbon fuel cells under different conditions. The ohmic resistance is again elim-
inated by means of the pulse current (interrupter) technique. 19 All curves on the
graph can be compared on an equal polarization basis. To. calculate actual ter-
minal voltages in special cells the following values should be used: '

Electrolyte resistance: 1.0 to 2 ohm c¢m. (depending on temperature
. and concentration)
Electrode spacing: 0.1to 0.3 cm.

As an example, the voltage drop due to the ohmic resistance in cell components is
about 0. 02 volt at 100 ma/ém?for a parallel plate battery, the terminal voltagé of
the cell can then be determined by combining this internal resistance loss with the
appropriate polarization value from Figures 5 or 6.

6. Life Expectanéy

Low temperature, low pressure cells are not subject to electrode attack
by electrolyte or oxidation. The only life limiting factor is wettability of the carbon
electrcdes. 8 The tendency of the electrode to wet appears to depend on the
potential at which the electrode cperates rather than the current density at which it
operates. We have achieved two years' intermittent service on 10 ma/cm? and
over one year continuous service on 20 ma/cm? at 0.8 volt, with tests still in prog-
ress. This at atmospheric pressure, between room temperature and 70°C. In
the meantime better repellency treatments and more active catalysts have brought
our expectations up to 30 to 50 ma/cm? over 0.8 volt for at least the same time
period. The use of increased pressure gives us the benefit of very high currents
at low temperature, at the price of more need of auxiliary equipment. The oper-
ation of completely ''wet' carben electrodes under high pressures might give us
the additional advantage of reducing maintenance and control devices very consid-
erably.

7. Special Fuels

Hydrogen is an ideal fuel. One-eighth of one pound produces 1 kwhr
in a fuel cell. In liquid state hydrogen can be stored for months, with a container
weight approximately that of the hydrogen weight.

For every day purposes, hydrides, decomposed by water, are more
convenient choices. One pound LiH is equivalent to 1 kwhr,

A practical, widely used fuel cell must operate on air, must be inexpen-
sive and should use a readily available fuel. Our cells operate with high current
densities on air with only a small potential difference to the pure oxygen-hydrogen
cell. The use of carbonaceous fuels (liquids or gases) at low temperatures is one
goal which we are attempting to accemplish. The need of removing carbonate from
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the alkaline electrolyte complicates this system.

Unfortunately, the present oxygen-carbon electrode does not function in
acid. The use of a redox-chemical intermediate (e.g., bromine) is necessary,
which complicates the system.

All halogens operate on carbon electrodes with high current densities in
acid systems. As a result hydrogen chlorine fuel cells can be operated at-high
power outputs for extended periods. Despite the higher voltages and high current
densities which can be achieved in hydrogen chlorine fuel cells, the energy output
per pound of combined fuel is less than that of the hydrogen-oxygen cell (because of
the low equivalent weight of oxygen).

8. Outlook

It may safely be assumed that the fuel cell will eventually become a
major power source, replacing other systems in some applications. The fuel cell-
operated flashlight is still a long way in the future. For the immediate present,
fuel cell applications will probably be restricted to those in which the excellency
of fuel efficiency, silence, freedom from fumes, sxmphcxcy of design and operatxon
are xmporta.nt requirements. . . -
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Figure 1

CONCENTRIC HYDROGEN-AIR-FUEL CELL
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Figure 2

pH-FUNCTION OF THE OXYGEN AND HYDROGEN{ELECTRODE'
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Figure 3.

THE POTENTIAL OF THE OXYGEN ELECTRODE

AS A FUNCTION OF PRESSURE
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Figure 4

THE EFFECT OF CELL GEOMETRY
ON THE CURRENT OUTPUT OF A CELL
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Figure 5

PERFORMANCE PARAMETERS
OF NATIONAL CARBON FUEL CELLS
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Figure 6

PERFORMANCE PARAMETERS )
OF NATIONAL CARBON FUEL CELLS
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CATALYSIS OF FUEL CELL ELECTRODE REACTIONS

G, J. Young and R. B. Rozelle
Catalysis laboratory, Alfred University, Alfred, New York
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chemisorb the fuel gas species over the reaction products so as to
limit self vnoisoning.

The cherisorption of hydrogen, narticularly cn metal surfaces,
has been studied more exitensively than other fuel gases. 4t normal tem-
vsraturns, chenmisorntion of the type recuired for kigh catalytic activity

invclves a partially covalent surface bond batween hydrogen atoms and the
d electrons of the metal. Thus, the general reouirement for hign
Catalytic activity of a meial in simple gas reaciions of hydrogen is that
wossesses d band vacancies. This limits the active metal catalysts to

transition °1=ments, although not all of the transition metals are
ts even though they chemisorb hydrozen, The early members

the transition series, which have vacancies in both the first and
econd sub-bands, chemisorb hydrogen strongly and are not particularly
;00c catalysts in hydrogen reactions. The later members of -the three
transition series, which have vacancies only in the second sub-tand,
exhidit the lowest heats of chemisorption at the surface coverages
inveolved in hetercgsnsous reactions, and are recognized as highly active
for hydrogen reactions. Thus, it would avpear that the most
ive metal catalysts for fuel cell zlectrode reactions where hydrogen
iq the fuel gas should he selscted from those transition metals with d-
hand vacancies only in the secand sub-band- =, the group VIIT metals.
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~ Confirmation for the views stated above is given by Figure 1
where the oven circuiti votentials for the hydrogen half-cell are plotted
25 a function of the avrvroximate number of d-band vacancies of the Sd
transition nm “euale and their alloys when used as catalysis at the hydrogen
elecirode Thess data were odbtzined with a low temperature fuel cell
(2702) enflaying an aqueous socium hydroxide electrolyte and porous .
sranhite elacirodes whicn were impregnated with the metal catalysts. In
al the cavalysic activivias of vhe metals avpear to parallel their
onen circuit notentials e.g. a small free energy loss due to chemisorztion
i r\"'ies 2 high catalytic activity. Tungsten and rhenium both
vely low open circuit ootsntizls and high heats of chemisorption.
<d quite vrobadly raenium have vacancies in the first d sub-band.
rcuit half cell potentizl of osmium is intermediate between the
3 LWC ol=tinur and iridiun. ‘1‘hs é.lovs of plavinum-iridium

Vacancy, As tne vacancies in the d banc of nlatlnum are flll°d by the s
elnctrons of gold upon alloying, the fuel cell potential decreases sharply
until the 609 Au - hON Pt alloy after which the potential appears to
remain relatlvely constant.

Table I lists the oven circuivu, hydrogen half-cell potentials
for the zroup VIII transition metals and the neighbering Ib metals. The
same trend in catalytic activity is observed in the three transition
series, the potential reaching a maximum ocetween the last two transition
metals and falling sharply for the following Ib metal. The irreversible
frece energy loss in chemisorption is larger for the group VIII metals of
the first series (Fe, Co, Ni) than for the metals in the second and third
series, #Also, these metals of the first series are more susceptible to
poisoning by impurity gases such as sulfur compounds., Platinum and
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Palladium are probably the test catalysts for hydrogen electrodes in
fuel gas cells. Although, a maximum in activity is obtained with
alloys of certain of these metals the slight increase in potential over
the pure metals would probably not justify the difficulties of alloying
in commercial practice.

Table I

OPEﬁ CIRCUIT HYDRCGEN HALF CELL PCTENTIALS FOR
GRCUP VIII AND Ib FETAL CATALYSTS

Fe Co 'Ni Cu
533 703 693 323
Ru Bh Pd Ag
740 76 7L3 243
Os. Ir Pt i
403 733 753 263

The results given in Table I for low temperature fuel cells,
using aqueous hydroxide electrolyte, in general are parzlieled by high
temperature cells employing molten salt electrolytes, although the
free erergy loss on chemisorption often decreases with increasing tem-
perature and consequently is of less importance., For examvle,
palladium and platinum catalysts give higher oven circuit potentials
with hydrogen as a fuel gas than does nickel, iron, etc, in a variety
of molten salt electrolytes. At relatively high temperatures (Ca 500-
800°C) the nature af the hydrogen chemisorption changes for several of
the groun VIII metals. Quite ocrobably, hydrogen forms d s p hybrid
bonds with the metal, Indeed, in some cases the catalyst can be
poisoned by being heated to a high temperature and then cooled in
hydrogen, Presumably, this lesves a strangly bonded form of chemisorbed
hydrogen on the surface which is not active in the electrode reaction
since the activity of the catalyst can be restored by heating and
cooling in nelium. :

Acetylene and Ethylene

The catalytic activities of the group VIII and Ib metals in
the oxidation of sthylene and acetylene in a fuel cell appear to be
similar to their activities with hydrogen, i.e, a high catalyst activity
is favored by vacancies in the d band of the metal, However, these
reaction systems are fundamentally more complex than those of the
hyérogen cell, The reactions which occur at the anode are complicated
by two factors (i) the nature of the chemisorbed complex, which is in
doubt, since either carbon-carbon or carbon-hydrogen bonds may be broken
in chemisorption ané (ii) the amount of self-hydrogenation at the surface.
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The reaction sor~ies may be alike in scme instances since the fuel cell

‘potentials, for both ethylene and acetylene on certain catalysts, are

very similar.

The fuel cell employed for studies of acetylene and ethylene
was similar to the cell used for hydrogen exceot that the electrolyte
was a LC§ agqueous solution of K2CO . The reactive species in solution
may oe either the carbonate ion, bicarbonate ion, or the hydroxyl ion.
A1l three ions are pressnt in the solution in reasonable,concentrations.
Praeliminary cxveriments, however, anpear to favor the bicarbonate ion.
‘The vroducts of the reaction at the fuel electrode are in doubt, but
first analyses seemed to indicate the presence of aldehydes and carbon
dioxice.

-The most active catalysts among the metals studied are the
group VIII metals of the first transition series along-with palladium
and iridium as illustrated in Table II,

Metal 5 Lcetylane
e 730 : 790
Co 675 715
i 605 595
Cu L!lo . h?S
Ru © 208 L75
Rh : 365 _ 535
Pd 710 705
ig . 055 0%5 -
W ' 105 -L60
Cs Les 570
Ir 610 625
Pt 380 570
Au 190 165

The maxirum in catalytic activity avpears at a different nlace in each
transition series, The zroun Ib metals, although vDossessing some
activity, ars in general voor catalysts for these reactions.

The catalytic activities of these metals in the ethylene and
acetylene oxidation resactions at the anode are quite sensitive to the
state of the catalyst surface as was the case with hydrcgeﬁ. This is
exvecially- true for tne group VIII and Ib metals of the 2nd and 3rd
transition series. If, after reduction, these mevals are exposed to
the atmosvhere only momentarily their catalytic activity is decreased
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considerably, This is illustrated in Figure 2 where the lower curves !
revresent catalysts with surface oxides. Although the members of the i
first transition series are susceptible to oxygen poisoning the effect '\
on catalytic activity is ruch less accentuated.

The most active catalysts are oroduced by ‘*in situ! reductions
where the surface, after reduction, is not exnosed to the atmosnhere but ‘
remains constantly under hvdrogen until the electrode-electrolyte
contact is made.

As in the case for- nvdroven, a low heat of chemisorption in
either ethylene or acetylene will minimize the irreversible free energy
loss at the fuel elecirode and, hence, produce a higher potential in the {
fuel cell, There are two factors which determine the heat of chemi-
sorption of ethylene and acetylene: (i) a geometric factor, i.e., inter- -
atomic distances in the catalyst lattice, and (ii) an electronic factor.

The most favorable interatomic distance, for ethylene hydrogenation,
according to 3eeck (9), is 3,75 R as observed in catalyst activity in
ethylene hydrogenation reactions. Our results can neither support nor
refute this, since the crystal planes exvosed are not known and, thus,
the more active spacings cennot be predicted. Probably the more immortant
factor is the electronic character of the catalyst. Our resulis and the
results of other investizators support this view (10). Onlty transition
rnetals or near transition metals catalyze.these reactiens. Although
surface reactions of acetylene have been investigated only to a limited
extent, the results of this paver indicate they follow a pattern similar
to that of zthylene,

The slight activity shown by the Ib metals in these reacticns
can be attributed to either their small d-s electron promotion energies
(11), which give rise to vacancies in the d band org* bonding by the
metals to these molecules which can be achieved by a rearrangement of
the metallic orbital together with the formation of a bond by overlap
of the filled g-orbitals with the antibonding orbitals of the adsorbate(1l2).

Carbon lMonoxi.de

The same type of fuel cell was used for studies on carbon -
monoxide as with ethylene and acetylene, the electrolyte being a L0%
agueous K2003 solution.

The catalytic activities of the transition metals investigated #
in this cell for the anodic oxidation of carbon monoxide are shown in N
Table III. The variation in the half cell potential among the transition
rnetal catalysts are small with the exceotion of Palladium which appears
to be the most active catalyst for the reaction, The activities of the
Ib metals are low as for the fuel gases previously mentioned. This would
indicate the necessity of vacancies in the d band of r,he metal catalysts - -
for a high activity. !

The chemisorption of carbon ménoxide may take nlace by a numoer
of different mechanisms. On certain metals, such as palladium and platinum,
it chemisorbs with a one site attachment forming a surface layer similar : ’
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FOR
Fe Co Ni Cu
- LLO Los 150
Ru Rh Pd ig
L75 ) 5L0 825 .225
Os Ir Ft Au
520 ci2 Sh 150
in structure to the metal carbonyls, i.e., I = C = 0 (13)., The second

mode of chemisorotion is a two sitz sorpiion  the carbon monoxide
comnlexes covering two surface sitss as indicated in the following
diagrans (ih).

I
c
/

M- H

= —_—O
jolole

Two site chemisorotion nrobahly takes place on rhodium (13) in this
manner, The two tyces of two site mechanisms cannot be differentiated
since tne lattice geometry required in the metals for chemisorvtion
falls in aqiite narrow limits, otherwiss, the valence angles would be
prohinitive, AL of the transition metals studied orodebly exnose
crystal nlanes suwitable for both is

Lgain the activities of the Ib metals may be due to the small
raguired for d-s electron vromotion.

OX¥G"N (AIR) BLACTRCDE

3
o
)
aa

eneral requirsments of a catalyst at the oxvgen electrode
of a fuel gas cell ares essentially the same as for the fuel =lectrode
catalyst exceot that negative ion formation is the process under con-
sideration. In cells employing agueous hydroxide electrolytes, the
oxyzen rust be chemisorbed in such a manner as to lead to the rapid
formation of veroxide and hydroxide ions in ithe oresence of water, A
further role of the catalyst in this case is to aid in the cecompmosition
of the peroxide,

The most active catalysts, among those investigaied, for the
electrode reaction of the oxygen nalf-cell in aqueous hydroxide
electrolytes are the oxides of the group Ib metals: copper, silver,
and gold, Copver and silver oxides are known %o be active oxidation




-18-

catalysts (e.g. they must chemisorb oxygsn in a state that will readily
take part in oxidation reactions) and their oresence presumably also
oromotes decomposition of peroxide ions formed uncder current drain,
Gold films, however, have been reported to be inert toward the chemi-
sorotion of oxygen up to 0°C (15). Possibly 05 ions are formed on the
gold surface as an intermediate step in the recuction of oxygen. 3Such
a svecies, if oresent in small amounts, might not be detected in chemi-
sorption exveriments since it would be readily removed frem the surface
on outgassing., The activities of the Ib metal oxides are in the order:
copper silver gold.

Cobalt and nickel oxides possess an activity only slightly
greater than unactivated graohite which may indicate thal these metals
are essentially inactive; while ircen oxide has a reascnable activiiy.
The open circuit half-cell pctentials for the 3d transition oxices zné
oxides of cobalt-nickel and nickel-copoer alloys are shown in Figure 3,
As copoer is added to nickel, a slight increase in potsntial starts after
the 603 copver~ h0% nickel alloy (oxide) is reached and then a rapid
increase is observed as pure copper oxide is approached. A& similar
behavior is found for palladium~silver alloys (oxides) in the Ld
transition series, '

The activity of oxides as catalysts at the oxygen electrode
may be varied considerably by the introduction of a defect structure.
It is well known that heterogeneous reactions proceeding by negative

ion formation can be profoundly altered by the defect state of the
catalyst surface.
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The Fundamentals of Electrode Kinetics as They Apply to Low
Témperature Hydrogen Oxygen Fuel Cells
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INTRODUCTION

In a short paper such as this it is impossible to do more than briefly
summarize and explain some of the ‘unaamental equations of irreversible electrode
kinetics., It is believed, however, chat ‘there is a need for such a presentation
since many of the workers becomlng interested in the field of fuel cells will
not be familiar with the terms and concepts involved. The subject is treated
with respect to the well known (1) low temperature hydrogen oxygen fuel cell
employing porous conducting electrodes.

DISCUSSION

Basic Formulae

The following thermodynamic formulae form the basis of the more
specific formulae derived later and are presented for convenience.
In any process

oA +bB+---- = mP+rnQ«+-.----

the change in free energy per mole of reactiom from left to right is given by

n

AaG = —RT lnKg+RT In( )gg)

AP @)

a, b, m, n are the number of molecules involved, (A), (B), (P), (Q) are the
activities of the reactants and products and KP is the equilibrium constant of
the reaction.

For some arbitrary definition of a standard state where the activities
are unity

a6 = =RT I K, @

o
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where AG, Is known as the standard state free .emergy change. For a substance
going from onme activity, a;, to another, az, K; =1, and

AL = RT In%yp,
éé . . 3)

The rate of an activated chemical reaction in ome direction is given by

Q,=a, e

vk BPES ) Ve w N

where v; is the rate of reactiom, (A),;, (B); are the activities of reactant at
the reaction condition, AG* is the free energy of activation at the standard
state used to defime the activities and k; is a constant for the reactiom.

The electrical potential, E., involved for a change of free energy AG
is given by

Aé = -0 F E . 5)

where F is the Faraday and n 1s the number of electrons invelved in the reaction.
A consistent system of units must be used.

Open Circuit Potentials

Hydraulic Analogy

At open circuit, when no current is drawn from the cell, the potential
obtained from the cell is equal to the corresponding free energy change in
transporting reactant to product under these ideal reversible conditions. Figure
1 shows a hydraulic analogy of a fuel cell at open circuit. Since it is impossible
to measure the potential of a single electrode it is necessary to have two ¢
electrodes, represented by the two U-tubes of the figure. The difference in
levels of the liquid in each amm of a U-~tube (h; say) represents the free emergy
change between the reactant and the product for a half cell. For a fuel cell in
which reactant is supplied continuously to each electrode and product removed
continuously, the hydraulic analogy requires infinite reservoirs at the liquid
levels; one of these is shown at A for illustratiom.

It is impossible to measure the voltage corresponding to h; but if the
right hand U-tube 1s considered as a reversible standard state hydrogen half
cell, hp is arbitrarily taken as zero, and corresponds to the half cell
potential (with respect to the standard hydrogen half cell) of the left hand
electrode. With valve V closed, that is, no flow through the system, =h,,
and the open circuit potential, E, (infinite external resistance is comparable
to the valve being closed) is equivalent to AG. It 1s clear from this picture
that the potential change through the electrode-electrolyte surface is zero at
zero current drain; the potemtial drop, Op, exists across the external
electrode to electrolyte comnection. In an electrode process at opem clrcuit,
at the instant of electrode immersion ions pass into solution across the
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electrode-electrolyte interface. The charge remaining on the electrode produces
an attractive electric field holding back further dissolution, while the charge

of opposite sign produced in the electrolyte also produces an electric field -
opposing further dissolution. These forces are equivalent to the p; (suction)

and pp, (pressure) in the analogy.

Hydrogen half cell with catalyzed porous carbom electrode and alkaline electrolyte

The half cell reaction can be represented as

Hl + active site_ - 2[H1 _chemisorbed (6)
[H] + OH, ’ ;: 'H,_O'+Ne + acrive site (-?)

At equ111br1um let the. fraction of the active sites occupied" by- chemisorbed
hydrogen be 6,. The fractlon ‘of unoccupied sites is then 1-64 and the chanl-
sorption equihbrlum ef reaction (6) can- be represented Bby - . .

P(l— e)u ,=‘,~ eJ T (e

where 1 and j are rate constants and p is.the pressure of hydrogen. Thus, from
equations (1) and (2), the free energy change on chemisorption is

(AC,)C = (Aqo)c +RT Ir\ 8%_9)}3% 9

For reaction (7), the free energy change from the chemisorbed state to product,
(aG) , is given by
C-H50

(A&)c— n,o= (AG°>C— H0

Substituting for 8/1-8 from (9)

= +RT bn (K08
(dc‘>c—k\zo (46'050:—(,_0 "{AG) @(") RT LOH)P

Now at equilibrium in the chemisorption process, equatiom (1) shows that (AG).
is zero; further (AGO)»C_HZO + (aGo) = (AG")HZ-HZO’ therefore

(AC\C W O ( A >Hz -H, o-t—ETln@;O_)_' 1)
| o) P

where (AGy) is the overall standard state free energy change from hydrogen

Hp-Hz0
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to product. From equation (5)

nFE. = nFEO'-ﬂ-ETM%ﬁl 12

Thus, at open circuit, the reversible potential E,. should be independent of the
chemisorption step and hence independent of the surface or catalyst used. Young
and Rozelle (3, have presented evidence to show that this is not true, and
they ascribe the loss of potential on open circuit as being due to loss of free
energy on chemisorption. This immediately raises the question as to why, when {
hydrogen is allowed to stand in contact with the catalyst surface, a nommal

adsorption equilibrium fitting a Langmuir or Tempkin isotherm is not

reached? Equation (8) can be expressed as

a P}é :
6 = l:ﬂ—[!Z (13) ‘

where a is a constant at a given temperature. This indicates that the surface
is saturated, and hence irreversible, only at infinite pressure. A similar
result is obtained by the use of the Tempkin isotherm(3). The theory of these
isotherms states that, providing € is not continually removed as some other
product of reaction, then the gas surface reaction is reversible and will reach
an equilibrium state. The modification of the Freundlich adsorption isothemm
suggested by Taylcr and Halsey(6) gives @ as

e = (\% P) %, . (14)

where Q, q_ are ccnstants. Clearly when P = Vbo , 8 is 1, and hence 7b°
reprasents a saturation pressure pg, beyond which further increase in gas
pressure (and hence gas free energy) produces no further free energy increase
in the surface, and the system is irreversible. The loss of theoretical open
circuit vecltage, assuming that the Langmuir isotherm (equation 8) has fair
numerical agreement with the Freundlich isotherm up to the saturation pressure
is approximately

(N

= P
Er-Eachal = % ln_@" v P { ES (15)

Raising the temperature of the cell should bring the cell nearer to reversibility
since ps increases with temperature. Different catalyst surfaces may have
different values for pg.- .

Young has attempted to correlate the loss of opeh circuit potential
with heats of chemisorption . However, such heats are free energy changes
obtained on raising the pressure and consequently have little significance for an
equilibrium process. Indeed these heats are often calculated using isotherms
derived by assuming that an equilibrium state exists in which the transfer of an
infinitesimal quantity of gas to the surface involves no free energy change.

There are other possible explanations for the open circuit voltage
loss. It may be that a pseudo equilibrium is reached in which stray currents
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are sufficiently large to disturb the equilibrium on a poorly catalyzed surface.
Again the attainment of equilibrium may be slow, especially if the activation
energy for chemisorption is high and 9 tends to one. The rate of chemisorption

is proportional to U_e)aezf; (—44';/2-'—>.

Under these circumstances it would be expected that the potential of
thke half cell would increase slowly with time. In general, if such irreversibility
exists, it should be difficult to obtain consistent results for open circuit
potentials.

Loss of Potential During Current Flow

The pelarizaticn or loss cf pctential during current flow is obviously
of prime importance in the design of fuel cells. To obtaiun good fuel efficiency
the cell must be operated at a maximum intermal voltage loss of about 20 to 30%
ot the cpen circuit veltsge., If the current flowing per sq. cm. of electrode
area ox ver cound of cell is small, thern the cell will be bulky and' uneconomic
Ine rhecretical analysis of polarizaticn is an attempt to show which factors must
be varied to sbtain optimum conditions.

Activaticn polarization across the electrode-electrolyte surface

Ccnsider the hydraulic amalogy discussed .previously. The transfer of
ions across the electrode-electrolyte interface, being a chemical reaction, is
activated, and the potential energy curve through the surface at open circuit
can be visualized as in Figure 2. The energy is composed of the original
chemical free energy and the electrical field energies which counterbalance the
chemical energy to give zerc free energy change across the interface, Stated
mere precisely, the activities of the reactants and products at the surface
change to bring the reacticn into dynamic equilibrium. This produces a
concentration ¢ electrans in the electrscde surface and a concentratioa of
cositive ions at the plane of clesest spproach in the electrelyte; the open
circuit potential is due to this double lazyer. Reducing the external resistance
from infinity is comparable to sartially opening valve V and allowing flow.
Cleerly a small flow will increase p. slightly and reduce pp, Ap will decrease,
and 3 pressure gradient is set up acress E. In the electrical case this is
equivzlent to reduciag the rertaining elecrric fields and consequently the energy
curve oo the left im Figurz 2 rises and thac on the right falls., (See broken
curves in Figure 2). The chsnge in free energy through the surface on flow is
clezrly not availsble for cutside potenrizl and Ep is reduced to E. The rest
cf the overall free energy ctange cof the reaction is carried through the external
cimcuit by the elecrsims invelvea 2nd the reacction can preceed only as fast as
the exrerecal resistance will allow the current to flow, with Ohm’s Law applying.

Let the change in free energy through the surface be cﬂéﬁKQB . Then

My = En-E = —d @&d (16)

n

Me is called the activaticn pelarization at the given current flow., At short
circuit, if there were no cther resistaunces tc flow present, then the drop of

free enexrgy through the surface wculd be the tctal free energy change and nq = 'féé
= Eir where AG is the totzl free energy change of the reaction. n



«28-~

At open circuit a dynamic equilibrium exists across the interface,

Hl+od = W0+ +

Let O,_{)e be the activity of the chemisorbed hydrogen at equilibrium, (Q°H>e
be that of OH', @u;o\e_ be that of water, and KQS>Q be activity of active
cites, Then from equation (&)
*
~ag

?_.?_L

¥

ke (G5), @ue & AP

forward reaction rate Ve = k, @H)g KQDH)Q e

]

back reaction rate "&e

The rate may l;e expressed as amps per sq. cm. of active area, and at equilibrium
“t)lgc'\.fze=I . Under non-equilibrium conditions, from equation (3)

B0 = (G, (), e F

where &G is the free energy change from equilibrium activities to those
considered. A similar expression can be written for the back reaction with a
free energy change of AG;. Clearly the free energy changes represent the loss in
free energy through the surface due to current flow and

Let o¢ be the fractiom of "]a aiding the reaction from left to right. Then

A6, = “NFmy

The new reaction rate from left to right is _%‘:‘
Vo= ke e R,
- \
< @), e B H
=T RFT an

!
I is the equilibrium current corresponding to rate in either direction at
equilibrium. Similarly, AG, =—O-"<)"|F”]a where |-eC 1is the fraction of "a
decreasing the reaction frem right to left, and

~(i=x)nF
I/ eO_%_E')__ a

[}

~J =
2 (18)
Thus the net current flow from left to right is F FV]
on ~(Q$Cn Q
0l e ‘%’ )
L =1 (e’ -e a9
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In general, part of the polarization measured in equation (19) exists
through the diffuse part of the double iIayer (8) extending from the plane of
closest approach into the electrolyte. The structure of the double layer can be
changed by the presence of salts in the electrolyte, specific adsorption on the
electrode surface and electrolyte concentration. Thus I' in equation (19) is
changed by these factors. It is easily shown 9) that I' may be represented as

T'= (@) eé’# (xen-2) (20)

where 3 is the potential drop in the decuble layer and z is the number of electrons

involved in transfer through the layer.( is an equilibrium current which is
more nearly characteristic of the reactionr, while the term involvin§ P can be
used to explain the effects of modification of the double layer (10)," For the
type of cell considered here the comrositicn of the electrolyte is usually
dictated by other considerations and providing specific adsorption is avoided
the factor involving ¥ is predetermined.

In equaticn (19), the value cof 1' was derived per sq. cm. of active
site area. Normally, current is expressed per sq. cm. of geometric electrode
area and ’ :

o . N
L (constant) < Ae(, an

where N; 1s the number of sites per unit effective area and Ae is the effective
area per unit geometric electrode area. Then

L = ke NgAT/(SHR- SRR
= I(q‘ﬁﬂ\q -0‘)—" ) (22)

-

T is called the exchange current density as it 1s the equilibrium forward and
reverse currents flowing at open circuit. This term is sometimes reserved for
the equilibrium curcent for standard state conditions, I, , but it is easy to
convert from one to the other knowing the cell pressures and concentrationms.

As M, becomes large in equaticn (22) (and if e¢ does not alter in
vslue) then the reverse reaction becomes negligible and

L= T e R'rﬂlq
(23)
o = 23RT |l ~22RT Im T
”]G «cnfF °3e eenF A
= a+blgi (24)
where
Cx = :2 3 E~l |013 J_
oxnF

b = 22RT
ecnF
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This is known as the Tafel equation. It applies when the polarizatiom is
greater than about 100 millivolts. For a required current the polarization
1s small as I is large. Neglecting double layer effect

*
I = (4 MS Ae e# (temms in equilibrium

activities) (25)

To obtain low polarization it is desirable to have as much effective surface
per unit geometrical area as possible. This is accomplished by having a system
of small pores with a high surface roughness in contact with the electrolyte.
Thus when using porous carbon electrodes it is sometimes necessary to "activate"
the carbon by reaction with air or steam. This burns open pores which were
closed and increases the surface roughness. Again, since the reaction takes
place at an area of contact of gas, selid and liquid, saturation of the surface
with electrolyte will greatly increase polarization.

The function of the catalyst impregnated on the surface is to decrease
the activation energy AG& of the reaction. The standard state free energy change
during the reaction is illustrated in Figure 3. Considering the chemisorption
step,

Aﬁ,tf- = anl-Tas”

The desorption step gilves
* * *
4C\c]> = Aucb - Tas

Therefore x « " *® _
al-al = AR —ARf =9

where q is the excthermic standard state heat of chemisorption(u). When .
comparing catalysts,the catalyst with the smaller q should have a smaller AG
and hence less activation polarization at a given current.

Increase in temperature increases I, but it also reduces the other
.term in equation (22). Normally the polarization is markedly decreased by
increase in temperature. The effect of the quantity of catalyst is governed by
Ng. As the quantity is increased from zero the polarization is decreased, but a
saturation state is reached when the surface is completely covered with the optimum
quantity of catalyst.

Increasing the gas pressure on the cell increases the equilibrium
activities and should thus decrease polarization.

Activation polarization of chemisorption.

Equation (22) was derived specifically for the reaction

(Hl+on/ = H,0 + e+active site
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However, it is possible that the precading chemisorption of hydrogen is slow
during current flow. If this is true, the electrochemical reaction comes into
balance with the chemisorption and an additional polarization is introduced, due
to free energy changes on chemisorption. Considering the reaction

= =2[H]

the activities may be represented as p, (1-8)2 and 82. In a similar manner

to the derivation of equatlon (22) nFx -0 vy F7
v =kNeA, pU-0e) e?’T( L 2 ”‘)
—(1=2e)n F"V\

= I (% 1 e )

Hz + active site

where the rate constant, value of activation energy and exchange current are for
the chemisorption process,- When.the cell is supplying current, 8 must decrease
to allow more chemisorption.. If 8 is near 1, a small decrease in 6 produces
much extra chemisorption but virtually-no change in the back reaction; therefore
the polarlzatlon completely aids the reaction from Teft to right-and = |

Since M\ = 2, the slope b of the Tafel line under these circumstances is
b = 2.303RT =£0.03 volts, at room temperature.
S ST . ,

If the chemisorption is fast compared to -the electrochemical step the value of 8
does not change much and the value of (Q,) in equation (17) can be considered
constant; Oc Ls about 1/2, ©\ is 1 and the slope of the Tafel equation is about
0.12 volts( . Thus the slope of the Tafel equation gives a means of determining
whether the chemisorption step or the electrochemical step is predominantly rate
controlling. For chemisorption rate controlling, the function of the catalyst

is to lower the activation energy of chemisorption. Activation and chemisorption
activation polarization are considered in more detail by Parsons

At sufficiently large current flows, O tends to zero, ¢C tends to zero
and q tends to infinity. This expresses the fact that the reaction cannot
rroceed faster than chemisorption on to an almost bare surface. Thus the complete
polarization versus current curve is as illustrated in Figure 4. If 9 is not near
1 at ocen circuit,‘the curvé will start at Ey but its shape will be that of the’
right hand portion of Figure 4.

Concentration Polarization

Concentration polarization is the loss of potential during current
flow due to mass transport limitations in the cell. During current flow reactant
has to be transported to the reaction site and energy is thus used in overcoming
the resistance to flow which is always present.

.

Gas transport polarization

Gas transport through a porous carbon electrode is illustrated in
Figure 5. If the reversible potential of the cell is for a pressure of p;, then
as the reaction proceeds and p, becomes less than p;, the cell e.m.f. will fall.



-32-

If the fall is 'ﬁc at a current of i

P ‘
n]cnf‘_ =RT In EY 26 |

Assuming the carbon has an effective diffusion coefficient Deff; independent of
. pressure 1%)and that the electrode is in the form of a slab L o 7 .

Rate = De(F (P.-FQ) per sq. cm. - @27
al.

AL is the thickness of the electrode. Equation (27) may be expressed as
L = B CP.‘ Pz>

where B includes a conversion factor. Then

vvlc': @:[_ ‘n E]S .‘
. nF PB-L

Since the maximum value of P,-P1 is P, , Bp represents a limiting current,
IC say, and !

= KT IV\_];L
Me nF I(;“L - S (28

When 1 is small compared toIi,’qC 18 linearly dependent on i, and as i approaches
IQ, polarization becomes very great. Thus it is desirable for I, to be large.

The thickness of the electrode cannot in practice be reduced beyond a certaim
limit. Due to the inhomogencous nature of the pore system, reducing the

thickness tends to give either gas leakage from the surface or flooding of the
pore system by the.electrolyte. Thus it is desirable to have an electrode which
has a high diffusion coefficient, high internal area or roughness factor and
which is as homogenous in pore structure as possible. 1In operation, since pp

has to be maintained sufficiently high to prevent electrolyte flooding, p;

would have to be raised as concentration polarization becomes appreciable.

" Electrolyte concentration polarization

In a similar manner to that above the concentration polarization due
to mass transfer of ioms is ' N
/V] = E_": "’\ L(
c nFE 'Lt— L
where the limiting current il ig given by

I-t)$

(29) .
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I)L R Oi,tl are respectively the diffusion coefficient, bulk activity
and transport number of the ion and é; is the effective thickness of the
diffusion layer adjacent to the electrode surface. This type of polarization

is well described by Kortim and Bockris

The effect of concentration polarization can be introduced into
equation (22) by writing

ocuh]o = OC”IQ +~\C

where "\o is the overall polarization and ¢ 1s the concentration polarization
in the same direction as cch' Considering just this direction

L = T ™%

NF —nF
= I Ml R
FT
=T Cp _4%,”10 (30)
= €
Ceo

where C:r is the effective activity and (:rbis the original bulk activity of the
reactants, -gz = z‘/é thus i appears on both sides of equation (3). The general
form of the equation i similar to that in Figure 4. The introduction of
concentration polarization in equation (22) must be made for all of the steps

in the reaction which give appreciable concentration polarization.

Ohmic Resistance

In addition to the polarization already described am internal loss
of potential,’\'\r , occurs due to the electrical resistance of the electrolyte.

By Ohm's Law
N =0

™ 1is low for high concentration of ions in the electrolyte. It is of interest
to note that if penetration of electrolyte into the pore system occurs, then the
effective conductivity for ionic conduction is :

C?fF = %%; c;f?ee

where € is the porosity of the carbon and q is a tortuosity factor. For porous
carbon electrodes € is of the order cf 1/3,q may be very high(17) but is often(}8)
about 2 to 3 Thus a penetration of 1 mm will usually give as high an electrical
resistance as about 1 cm of the free electrolyte between the electrodes.

(31)

The Oxygen Alkali Half Cell

If the oxygen half cell reaction were

-é— o, = (o] ) [o] +H,0+2e == 2 oW
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then the standard state potential of an hydrogen oxygen fuel cell should be
about 1.23 volts at room temperature. However, it has been shown(19.20) that
the half cell reaction is !

/
(0] + H,0 +2e == HO +oH/

Since the normal cell is not standard with respect to peroxide concentration

the open circuit potential is usually not 1.23 volts. It is easily shown that
if the peroxide ion is rapidly decomposed to its equilibrium value with respect
to oxygen (in the electrode) and hydroxyl then the cell voltage would again be
1.23 volts. Even if peroxide decomposing catalysts are employed it appears thaty
at room temperatures, the decomposition is not sufficiently rapid for this
equilibrium to be reached near the electrode surface and a loss of ideal
potential occurs‘<’’) .

CONCLUSTON

In studying the polarization of the type of fuel cells considered
here it is important to determine the contribution of each type of polarization
to each half cell. If such determinations are made, they will indicate what
can be done to improve the performance of the cell. The various techniques
for determining each polarization are described in the literature(12,15,22),
However, even if optimum conditions for minimum polarization are obtained,
there are still many mechanical and technological difficulties to overcome
in the construction of operating fuel cells.
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THE HIGH PRESSURE HYDROGEN/OXYGEN FUEL CELL

F. T. Bacon, M.A., A.M,I,Mech.E.
Marshalls' Flying School, Ltd,
Cambridge, England

1. Introduction.

The hydrogen/oxygen cell is particularly attractive, when compared with
other types of fuel cell, for & number of reasons; it. has always appeared
likely that a practicel unit could be developed working at low or medium
temperatures, and it raises the inte.esting possibility that it could be used
as a kind of electrical storage battery, the two gases having been previously
generated by the electrolysis of water, using power produced on a large scales

YMoreover, when the author first became interested in fuel cells in 1932,
a search through the availcble literature soon showed that the most pramising
results had in fact been obtained w:.th(tSth type of cell, The cell was first
described by Sir williem Grove in 1839', and in 1889, particularly good
results were recorded by the great chemist Ludwig Mond and his associate
Charles Langer (11), they achieved a current dersity of 64/Ft.“(6.5m 4/cm®)
at 0.73 V,, using either oxygen or air, and they also showed that the best
results were obtained when the platinized platinum electrodes were kept
substenticlly dry on the gas side. Further progress was prevented largely
because of the high cost of the platinum electrodes.

Since the end of the second World War, & great deal of interesting
work has been done in mony countries on the hydrogen/oxygen cell, and this need
not be referred to in detail here., Particular reference, however, should be
nade to the work of Devtyen(iii) ond Kordesch(iv) and his associates.

24 Types of Cell Investigated.

In 1938 o small cell simileor to Grove'!'s origincl gos battery was
constructed, tnd frir results obtoined; but when activated nickel goauze
electrodes were used, in conjunction with an clkaline electrolyte of potassium
hydroxide, the results were poor, even when the temperaturce was raised to the
boiling point of the liguid. o

It was next decided that the problem would have to be attacked
essenticlly from an engineering point of view, ond that with this type of cell
operction under pressure could not be avoided if high current densities were
tc be obtained, in conjunction with comparatively cheep moterials of
construction such as nickels, So in 1939 & cell wecs designed which would stand
a pressure of 3000 p.s.i., and cny recsonchble tempercture %}{‘-“ig.ﬂ .



Tac zlsctrolyte was o 275 sclution of votsssium hydroxide and the
cylindrical electrodes were of nickel gauze, zctivated by clternate oxidation
in 2ir ond reduction in hydrogen; they wzre separated by a diephragm of
csbestos cloth, Other metels, such os pletinum, pelloedium, silver and copper
woere tried, but were discoxded in favour of nickel, partly becouse of cost and
corrosion diffi ies, but meinly because of the sugperior performance showm Tty
nickel under these circumstences. The cell wos tested by oltermately chorging
it from an external source of direct current ond discharging it through on
aommeter and voriable resistance =t a,aconstant cugrent, It wes found Tinally
that & current density of 12.2 A/ft.“(13.1m 4/cm®) of thc external surface of
the inner electrode %ould e maintained for L8 minutes ot cbout 0.89 V., with
a tomperature of 1Q0°C; mony thiclnesses of gouze ond fodrly high pressures
were used to get these results, Curiously enough, no advantage wes obtained
by using higher temperatures than 10000., end this was tentatively ascribed to
the irreversible encdic oxidetlon of the oxygen electrode during the charging
period. '

The next stage was to construct two cells, one acting as an electrolyser
for genecrating the two gases and the other being the cuwrrent-producing cell
(Fige2). The goses produced in the electrolysecr were carried separately up into
the cell in solution in the electrolyte, the liquid returning %o the slectrolyser
through scparate pipes. Ackiveted niclel gauze clectrodes and csbestos
diaphrogms were egain used, but this time in.the form of flat discs,

It wes found that the performances-of-his cgll improved centinuously
with increasing temperatures qd pressures up to 2L07C. and 8075 DeSele, thE
highest tgied. The highest current density cblained at 240°C. wes 754/%t.
(81m &/cm®) at 0,65 V. with six gauze electrodes on each side of the cell.

The current density eppeered to be limited by the rate at which fresh ges
could be brought up to each electrode in solution in the electrolyte. The
materials end methods of construction used proved to be recsonebly satisizetory.

3 The Present Cell with Diffusion olectrodes.

At this stoge it was still considered that the performence was not good
enough for any practicel application, becring in mind that high pressures
inevitably leed to higher containcr weights than would te necessery with a2
fuel cell working at atmospheric pressure. - So it was decided thot a new
cpparatus should be built with the goses confined to the backs of porous nickel
electrodes;  this design has been used with very little change ever since.

The details of the construction of the cell hove often been described
before (v), but it is probably best to recapitulate them briefly here.

A single cell is illustrated diagrammotically in Fig.3. The clectrodes
are made of porous sintered nickel, and the main cell parts zxe of nickel-plated
steel or pure nickel; the electrolyte is strong potessium iydroxide solubign,
betwcen 37 and 50% concentration. The normal operating conditions are 2C0°C,
and 300-600 pes.i.. 4t the present time o pressure of 400 pes.i. is normelly
being useds The porous nickel elecirodes, which ere about one sixteenth of cn inch
thick, have o pore size of cbout 30 microns or more, on the gas side, with a thin
layer of much smeller pores on the liquid side; o small pressure ddifference is
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this arrongement, the goses are of course supplied from gylinder:
in thne normrl woy; othor adventoges over previous designs ore that the ges
siclos of ths

cicctrodes sxe coated with only o very thin layer of electrolyte,
giving o very short diffusion poth for “he zzses in solution before recching
thc cctive surface of the clectrodes, the useful surfoce ares of the electrodes
is grectly increased, ond the esbestos dicphrogn is eliminated,

s
-

Lie Zlectrode Desima.

i good clectrode design is of course of the utmost mportonce, and
several different designs heve been trieds. The lorgest electrodes made so far
cre 10 in, effective dicmet\.r, though this does not by any meons represent the
linit in size; they are sintered dircctly onto o flat circuler perforuted sheet
ckel or nickel-plated steel, cbout one Sixteenth of an inch thick; this
provides adequete strength, ond serves slso to conduct awsy the current generated.
Electrodes up to 5 in. dismeter were proviously mede without o backing plote of
solid metal, bub it wos considered unlikely that larger ones would be satisfactory,
without adequate support. Separators, in the form of nerrow vertical strips
of mebefece, hove to be used with 10 in. diemcter eclectrodes, to provent intermal
short~circuits when the pressure difference is applicd.

fn elternc

from of wlectrode which has been employcd comprises a

oipsler structure with recesses mochined on cither side of o solid metal plate,
cch recess then being filled ‘.:Lth porous smtbred nickel for o hjdroger\ and
lectrode respectively. & thin dimpled perforeted plate is first

each recess, cnd this leaves o narrow space for lecding the ges
< rim to o1l ports of the porous metcle. When bipoler

© this type arc csscembled in scrics, with goskets of insulating
wecn each, they form o series of cells which do not require eny
zevTonol currens conncction except of cach end of tho batterys  This
electrode construction is ettractive in mony ways, ond lo‘.d.a to a very
ccmeact tovtery, but it hos temporarily been L,ucndoncd in favour of the
sinple unipoloir design, modnly owing to difficulties in menmfeacture.

The coarse porc loyers of hydrogen clcctrodes cre made from Grade B
carbonyl nickel povder (everage o"rtmﬂb sizc 2~3 microns) mixzed with about
2G5 by weight of 100-2LD mesh comoniun bicorboncte which octs as a specing
“Ge*xt 'i.xI'll'lC‘ Slntvr“"‘ff it is g‘vgwu llg’qt 1y in a rubber press, and then

red Tor ~bout & how o5 8507C. in o redu 'c:.ng aetmosphere., The fine pore
is then crplied = ton of Grode 4 cerbonyl nickel powder
: in c-_lcohol' this is sintered for % hour
clis boing revaried by further thin oppliceations of A nickel
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The coarse pore loyers of oxygen cloctrodes are now usually mede fram
Groede D corbonyl nickel powder (average particle size 7-9 microns) mixed with
15=20% of 400=240 mesh grmoniym bicarbonete; it is pressed lightly ond sintered
for % to 1 hour at 1000 -11507C. in = reducing atmosphere. Theofinc pore loyer
is ogain of Grode 4 nmickel, sintercd for % to 1 hour ot 950-1000°C.  iltern-
atively, the cosrse pore layers of the oxygen clectrodes may be mede from a
cocrse nickel powder, cbout 200~25C uesh, without o spacing agent;  but inothis
cose o higher compressing pressure ~nd ¢ higher sintering tempercture (11507C,
as o minirem) are required to get a rcally strong compact.

Finglly the oxygen electrodes cre pre-oxidised ~fter imprcgnation witn
a dilute solution of lithium hydroxide and drying; oir is used for o:ocldation,
ond a satisfactory thickness of oxide is formed in % to 1 hour ot 700 =300 C.

Hydrogen electrodes ere activated by impregnation with a Strong solution
of mickel nitrcte, followed by o roasting trectment in cir at 400 Ce ond finally
reduction in hydrogen at cbout the seme temperature, Work is procceding on the
activation of oxygen electrodes, but & stendord treatment has not yet been
arrived at.

Typical microscctions of hydrogen and oxygen electrodes cre shown in
Figs, 4 and 5, '

Se Prevention of Corrosion of Oxygen Electrodcs.

When porous nickél electrodes were first put into usc, scrious trouble
arose with the gradusl corrosion of oxygen clectrodes, leading first to a drop
in output cnd finclly to camplete breckdovm. This trouble has now becn lergely
‘overcome by the pre-oxidation trcatnent clrcady described. It was first found
that samples of nickel pro~oxidised in edr ot about 800 Cs were extremely

resistent to corrosion when subsequently exposed to strong KOH solution and oxygen

under similor conditions to those in the cell. But the green oxide loycr

produced during pre~oxidetion is an clectricel insulator, so an electrode protected

in this woy would be uscless in the cell. However, it was ascertained that if
lithiun atoms are incorporated into the crystel lattice of the nickel oxide,
2 black double oxide of nickcl end lithium is produced, which is o good scemi~
conductor(6); and the corrosion resistance is unimpaired, or even enhonced.
Using this teclmique, oxygen elgctrOdOS have been in operation in the cell for
periods up to 1500 hours at 200°C, without foilure, end with only a very smell
drop in performonec. Upecimens of preo-oxidised nickel hove boen exposed to
oxygen under pressure and potassiun hydroxide solution at 200°C. for more thon
10,000 hours without visible deteriorction; and occelerated corrosion tests
at a higher temperature have shown thot considereble improvement on this figure
should be possibles It should be mentioned here thot before the pre~oxidation
treatment hed veen introducced, experiments were mrde with vorious corrosion
inhibitors which were dissolved in the clectrolyte; potassium silicate end
potassiwn aluminate wure particulerly successful in arresting corrosion of
oxygen clcectrodes, but thcy also reduced the performance of the cell to a
ziiigtiss ;}ftimi}.l It is bel:i.evecl that this provides the explanction for the
the previ'c;is ce]ﬁf n::iggrrt?sllc-on of oxygen electrodes was obser\fed when using
had Giophos ofs oo tmc il gelze e_:leqtrodes; these earlier cells all
would ‘ther;f%gfé beasmes 0s ¢ ?th, and it is to be expected that the electrolyte
alumsinate e s CC t_)somivyh.t contomineted with potassium silicate or
thequOlH 11:1 tho o ] mfurcs ing. a_‘.Lso thot a small unognt of copper, added to
inhibitop ard ; orm ol copper oxide, was 2lso effective as a corrosion

r in 2ll ceses led to the formation of a black oxide on the nickel,
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The results of some accelerated corrosion tests on samples of nickel
pre-oxidised g_n the. presence of lithium hydroxide, and exposed to 65% KOH and
oxygen at 300 Ce end 800 pesei. totall pressure, ere shovm grophically in Fig.6.
The samples were pleced in oxidized nixkel crucibles, which were set up in
sutocloves;  the samples were half in end helf out of the KOH solution.

The gas space was filled with oxygen under pressure, and readings of temperature
and pressure were rccorded periodically. The esutoclaves were opened at
intcrvals and the s les washed in distilled woter, dricd and weighed; the
extent of corrosion was indicated by the weight change. Fresh KOH solution |
was uscd in each rust. _ These curves emphosize the importance of a sufficiently
thick oxide layer, in ordér to obtein really good durebility. It is estimated
that a2n oxide leoyer about 3 microns thick can be obtained by coating the

nickel with 2,8+ of lithiun hydroxide per squerc metre of surfoce ond oxidising .
in air at 800°C. for 16 minutes. - :

In Fig, 7 some results of tests at 200°C, 260°C. and 300°C. have been
plotted togethcr. . These samples are not exactly comperzble due to differences
in:the. initiszl thickness of the oxide cooting and in the conditions under which
the. corrosion tests were carried ocut., It is possible to scy,ohowever, that
similor samples corrode at 200°C. much more slowly than at 260 C.. 4lso a
ﬁmthcr'-conéidcrgble_ increase in ¢. rosion rate is produced if the temperature
issreised to 300°Ca. ~ By pre-oxidising the somples to produce on i.ncrease in
weightts of Sg/metre instecd aof 2—3g/metre ? the rate of corrosion at 300°C wcs
rediuced’ considerebly as shown in Fig.6, = It scems reasarizble to suppose thot
if "the-sgmples ‘oxidized, with lithium present, to give an increase in weight of
S5g/metre” were tested at 200°C., they would give o life many times longer then
thosc olrcady tested at this'temperoture (Fig.7).  Even if it were to prove
impossible to produce suc? 2 thick oxidc layer on the oxygen electrode, a
thj.rmeg.lc\vcr of 2g/metre” will protcct an e¢lectrode for more than 10,000 hours
at 2007C. .

6. Jointing Material.

There must be ot least onc clectrically insulating gosket per cell,
cnd at the present time, using unipolar electrodes, four gaskets rust be used per
cell., : - ’ )

Many different moturiels have been tried, but at the present time
nothing hes becen found which is superior in all respeets to ordinary compressed -
csbestos fibre jointing, which is mainly composed of asbestos fibre and rubber
(gencrally neoprenc). This has a number of discdventages, the principal one
boing thet the rubber content is graduelly oxidised where exposcd to the high
pressure’ oxygen; this finally leads to loss of strength and leakage to
etmosphere.  Howover, runs as long as 800 hours have been achieved without
feilure, and runs greoatly excceding this should be possible with a superior
designe Onc other foult is that substences given off when the rubber
dccomposes on hoating, poison the hydrogen clectrode ond tend to reduce the
output of the cell.

The most attractive cltcrnative to CiF jointing would appeaxr: too be:
petefees loadced with asbestos fibre, or possibly loaded with powdered: ghossy,
but thesc materials arc only now in process of devclopment in Englondl; end
the metal surfaccs would certainly have to be specially roughened: to: prevent:
slip. End pressure on the gaskets could no doubt be recduced:.by-thec.usc of a
pressure cylinder or tank, in which the wholc cell pock is comteined:under
pressure, but this line of development is not boing pursued a.t‘:;ges.cntzin'
Englend, owing to the extra complication involved.
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7e Cell Performinnces

The performance of the cell ijrpreves with both teq;erctare'c.nd Dressure,
but in order te cttoin o p life it will pro'o:bly prcv\, desircble - to limit the
working tenpﬂrature to 200 € or slaghtly higher.. na best ner’om..nc(_ obtainecd .
so far with a 10" Giz: cell at 200°C cnd LOO pes.i. is shown in tac 1
plotted as o yoltugs-cment density choractoristic in Fig.8; who t
the sinter is sqmewhat less. than 10", and is opproxinmctcly 9g",. but 4% is -felt
that it is more precisc to base the flmr\,s for current density or the intarnel
dlzum.ter of the gody of the cell.

b Ot 107‘. f 215 -'_3.f2_§1;.’,u5 o
Voltege, ¥ D teon] 14008 "_o 93 0885 i 0.82 | 0,755 o

These figures were token from one cell in a 10-cell battery, cnd using
37% KOH as clectrolyte; both thuse factors contribute to the rather low open-
circuit Qlta.ge obtiined. Under the ~bove conditions of Q.68 V. and
Lo 5/t (o 240i) , the power output per unit of internsl volumm corresponds
to 8.2 K/ ftg

The currcnt efficiency has been meoasured over a period of some mmndreds
of hours in 2 5 in dicmeter unit with two cells in scries, and works out at
987, This meens thot the energy efficiency, boased on the free energy of the
recction, will approximate at ony useful current dcnsity to the voltage efficiency;
c.ge at O. 9V and 200°C ond 600 p.s.i. the energy officiency will be
0.9 x 100 ~ 75%; ot 0.8V. it will be 66%, and ot 0.6V. it will be 50%.
1420

When the cell is on load, the losscs which cppear in the form of hect, .
cre mainly due to the irreversibility of the electrode reactions, or what moy
be called activetion polorization; & snaller proportion of the losces cre dus
to resistence ond concentrotion polarizotion. On open circuit, cnd abt.low
current densitics, thoere will in addition be 2 'lost current! due to diffusian -
of the two goses in solution through *he elcctrolyte, followed by combination.
on the opposite electrode,

& groph showing the™relative proportions of polerization due to esch
electrode and to the clecetrolyte is shown in ig.9. Ordinery CiF jointing was
used, so the hydrogen clectrode wos somewhot “"poisoned".  .ssuming thet
activation of the hydrogen electrode con ensily reduce polarizetion from this
source to a negligible amount, while elcctrelyte resistance cnd oxygen
clectrode polarization arc less cesily iuproved, then a curve showi the best
easily obteined p crlomﬁce to be e? ccted from o cell con oezdrﬁx.'n see "ﬁ‘j.g.9).
This shows that 2234/ft. (240 : u’/cn? at 0,8 V. and 650 4/Tt. (700 mi/oem) ot
0.6V can recsonaobly be expected at 200°C. and 620 PeSeles .
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Thwe cxperimentel method has been improved by the measurement of purely
resistive polorizetion in the cell circuit using o commutetor technique in
conjunction with o cathode roy oscilloscope, so that individusl electrode
verformence cen be studiced precisely. This is perticulorly important in the
casc of the hydrogen eluctrode, vhore both resistonce ond activation :
polarizetion huave the some linear dependence on the current passing. The use
of = rof sloctrode, in the form of o small resting (i.c. unlocded)

trode of porous nickel, situated in the elcctrolyte space, cbout

n the medin hydrogen and oxygen electrodes, has made it possible
olerizotion in cach ¢lectrode separately; o reference clectrode
is uscd Toirly regulcorly in cell operation, cven when the

cchnigue is not being crployed.  This has shown thet the

Z the hydrogen clectrode ot 2007C., when plotted cgoinst current
by, gives spproxdnctely o straight linc; ' ot lower tempcraturcs, the
Tonsviour becomes logrrithmic (sce Pige10)s  In the casc of the oxygen electrode,
howrever, the behaviour is logerithmic even ug to the highcest temperaturc yet tried
the shapo of the curve which it gives ot 2007C, con be secen in Fige9e The
difference in the shope of the polarization curves shown by hydrogen and oxygen
clectrodes ot 200°C. con be expleoined by the fact thot the exchange current is
rmuch less in the lotter cose, or in other words the oxygen electrode is much
less reversible thon the hydrogen one; in addition to this, the surfoce area
of the oxygen clectrode is much less thon thot of the hydrogen one. But even
an oxygen clectrode of large surface, made from Grode B nickel, will polarize
morc then a hydrogen one mede from the sepe powder ond having the same surface
crec.  To improve the performence of oxygen clectrodes, o very large increese

@

' in surfoce cres will be required;  this con probably best be obtained by soms

form of activetion.

Sincc cliectrodes heve been mode with o backing plate, it has been
possible to test hydrogen and oxygen elcctrodes as thin as 1/32 in. The
performence of these thin clectrodes is within 20% of that of the previous.
clectrodes which were ';3'"' -~ 5/32" thick, If the elcctrodes are mode 1/16 inch
thick, there docs not appear to be cny scerifice in performonce. i number of
other hydrogen ond oxygen electrodes of verying structurcs have been tested,
but so fur none hes shown 2 striking improvement in performonce when compared
with the standard types.

8. Tho Effect of Cell Conditions on Porformcncc.

(841}« Pressurc.

cet of temporcature and pressure on the reversible voltage of the
cell can be seen in Pig.i1s Meosurements of clectrode and cell
verying pressures of gos (the electrolyte vepour preasure heving

ured, see Fig, 12) show that small vorietions in pressure hove only =
effoet, o tenrold chonge in gos pressure from 30 atmospheres to 3
ctmosshures (441 to Ly r.s.i.) epproximately helves the cell performance ot
normel operating voltages (sce Pig. 13). 4 theoretical enclysis done foirly
cnoly shows that for a given power output, and assuning that the geses are
both stored in high tensile steel cylinders ot 3,000 pes.i., the overall weight
of the battery ond storage cylinders would not be increascd if the operating
rressurce wore reduced from 500 to 300 p.s.ie; the cfficiency would be slightly
reduced, however;  this coleulation nllows for the "dead" fuel left in the '
cylinders when the bottery is discherged, and olso for the reduction in weight
of the bottery itsclf.




(8. é) Tompe roture .

The meacium gell twrpeL%urc ig limited by the materials ‘used in it!
construction. Thus, p.t.f.e. is found to corrode relatively quickiy ot 250 Ca
undercell conditions, where in contact with porous nickel; ond the nigkel-
Iithiumn oxig.e of theoozqygen clectrode breaks down fodirly quickly at 3007Cae.
Between 1007 and 250°C. the cell output. ot normel operating voltage increases
ropidly with rise in temperature, os the.hlydrogen clectrode chonges from
logerithmic behavious at 100°C. to l.Lm.“rbehoviourb Af‘tero2OQ C. the output
d.oeo not increase as rapidly as 1t does Between 100 c.ncl 2007C.s Taking 100°C.

it performrnce, that zt 150" %. is roughly Ly at 200°C." it:is 10, ond-at -
250 C. it is 15. The actusl moxirum power avoileble (at o low eff:.c:.cncy)
rises :ncrc%mg,ly steeply with increasing tempu.r'zture s and is rcughly doubled
with each 50 C. rise in tenpereture.

(8. 3. . ,Jlectrolv‘te Conca.ntn tlon.

Thu effect of the vapour pressure of' ‘the electrolyte the reversible

. voltege of the hydrogen/oxygen cell ot a temperature of 200 €. is showm in
FPigethe This assumes thot the totol pressure is kept constont at 600 pesei..
"It hos been necessury to-plot the vepour pressure of the electrolyte, rather
-than -the concentn;tmn, as the- relationship between concentration andvapour
pressure of very strong KOH solutions has not been measured, as far as is
known., T .

It has been ossumed thot the disposable cnergy in the formation of woter
vapour at a constent pgessure of one atmosphere is 219.4 kilo-joules per grome

formula weight, at 200 C. it other wolues of pressure the disposable energy
is increased by an cnount

0.5 R T log, (PH;2 - R)

2
PH20

the pressures bej.ng measured in atmosphercs.

_ The theorctical voltage is obtained by dividing the dlSPOSr_ble energy by
2F, where F is the Farcdsy, 96,500 coulombs.

Increasing the concentration of the potassium hydroxide electroly‘te ‘to
35% by weight, incresses the cell output progressively, but further increcase
frem 35% to 457 hos o smnller effect., Opcrotion at higher concentrations than
145% lecds to pr_ctlcul difficultics with the KOH electrolyte going eolid on
cooling down. Long continuous operstion of cells on load for periods of
50~100 hours has shown that the very high concentrations of KOH lead to build-up
of concentration polarization (cbscnce of water in the oxygen elcctrode is the
most probable cousc), so that o concentration of cbout 35% KOH seems likely to
be the optimm at present. If later it proves fecsible to condense out twice
the water formed from the hydrogen clectrodes, =nd then return one half of this,
in the form of steam mixed with the oxygen, to the oxygen electrodes, this
difficulty should diseppear and stronger concentrations could be comtemploted.

The values obtained for specific conductivities of a renge of
electrolytes at various tempuratures sre shown in Fig.15; thesehave been
obtained by meeasuring cell resistance with two different inter—-electrode
distances using the cosmutctor technique mentioned previously; they are only -
approximetes Results for 36% KOH are rerticularly erratic, end the mgasurement

of conductivity using on c.c. bridge and high temperature conductivity cell
. should provide accurate results.
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The velues predicted by T.M. Fry(7) arc clso plotted; these were obteoined
by using the reletionship between conductivity end viscosity, and usmgq._.n

estimnted value of viscositys "J.so volues quoted for KOH by C.E. Bovren™ (ded.u.ced

from work by Koklw-ousch in 1898); o generel ogrecment is observeds

The contribution of loctrolyte resistances to cell cpcr(..tlon will be
approximately 0.25 ohm/em” of oppeorent electrode surfoge, for & in. cloctrode
speciny uﬁlm clectrodes of thoe types describeds For a currmt density of
250 1. , this would give o polarization of 0.0625 Ve, i.es o voltage drop
correavonda.ng to sbout 5/0 of the total free cnergy availcble. '

(6el) s  Shunt currcnts_in bulti-cell Pocks.

i six cell pack of 5 in. dismeter clectrodes was coﬂétmctcd in 1954 and
fair results were obtaoined,

Measurements of the shunt currents along the coimmon eletrolyte ports, and
o thecoreticel trectment, suggest that the magnitude of the shunt currents will -
deperd lorgely on the dlmenslons of the axicl electroly jte ports through the
preks .

If V = the open circuit voltage of one cell
n = the number of cells in the pack
R = the resistance of one pair of axdsl ports in one cell, ond
r = the resistonce of anc pedr of radisl ports in onc cell,

then the shunt current = _ n=-1) V B
~2r+ ({n-1) R '
For lorge packs, where distribution of liquid moy be impartont, it might
be better to hove o nunber of axial ports serving groups of cells, rother thon
onc large port a(,I‘Vln‘J 21l the ct.llse

9; Use of Other Gases.

It has often been suggested that a cell of this type could be
uscd as & genuine fuel cell for generating power on a large scalc,
using hydrogen produced from coal by ordJ.m.ry chemical methods, and
oxygen from the 2ire This is, of course, a very ambitious progcct
and cannot honestly be envisaged ot present, owing to the high cost -
of npure hydrogen produced in this way;  pure oxygen is also expensive,

Nevertheless, it is obvious that the scopc of the whole projcct
could be greatly widened if it were found to be possible to make use
o 2 liquid fuel which could bec comverted into same gas which is elec-
trochemically active in the celly in this way it would became possible
to compete on rather more level torms with the internal combustion engine.

o number of experiments have been carried out using other gases,
and with mixtures of gascs, cnd the conclusions can be summarized as
follows :=~ .
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1e No other fucl ges, apart from hydrogen, has been found to be
clectrochemically active on o nickel celectrode at temperatwres which it
would be proctica’le to usc in a cell of this type. -~ Carbon monoxide,
methane and mothenol were tried and were oll unsuccessiul.

2, Both carbon monoxide cnd corbon dioxide are solublc in coustic
potash and would lead to the eventual cerbonstion of the electrolyte.

3. Complete carbanation of the clectrolyte would leed to o serious
loss in pcrformance, cmounting to o reduction to one quarter of the normel
performence;  this is partly due to loss in oxygen electrode performance
and partly to increcsed cell resistonce.

Le Hydrogen containing incrt diluents, such as nitrogen or methane,
can be used with a high volume percentage of inert ges, as long as pro-
vision is mede for exhausting the residuc;  some hydrogen would no <ioubt
be wasted in the exhoust, but the cmount lost is not likely to be serious.

5«  Possibly becease of its solubility in hot caustic potash solu-
tion, corbon manoxide does not poison the fuel eleetrode, but it moy attack
the nickecl pipe-work leading gos into the cell, No poisoning wos observed
with other goses used.

6. Expcriments using nitrogen-oxygen mixtures showed thot air could

be used in ploce of oxygen, as long as the nitrogen lef't over was continu-
ously removed, and the carbon dioxide extracted before entry into the cell.

The above conclusions show that the proscnce of any gases, apart
from hydrogen and oxygen, may leced to rather awkward problems which it
would probably be wise to avoid at mrescnt. On the othor hond, smell
percentages of inert goses would do no harm to the cell, provided ode-
quate means were worked out for exhausting them to atmosphere from time
to time, before they hed built up to large proportions inside the elec-
trodes, i smell purificotion plent ccduld no doubt be designed for con-
tinuously purifying o slightly carbonated clectrolyte.

The additionvl polerization at the oxygen electrode, coused by using
2ir instead of pure oxygen, can be scon in Fig,16; this olso shows the
effect of oxyzen pressure on polorization.  +'ig.t7 shows the cffect of
vorious fuel geses on the polorization at the fuel clectrode; the curve
for techniccl hydrogen, ond olso for the mixture of 90% hydrogen plus
10% carbon monoxide is identical with that for pure hydrogen, over short
periods of time. The "technical hydrogen" is the gas which is produced
as a by-product in oil refineries, from the "platforming process".

10e Present Design,

R In 195?, the Notional Rescorch Development Corporation of Great Britein
ag:;:eed to finonce thg development ond construction of & unit developing
5-10 wv. ,<00131plctc with 211 zutomatic controls, and o contract for this work
wes placed with Marshall of Combridge, Englond.
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It wos decided that o 10 in. dicseter cell should be constructed, ond
this hes been in operction since Herch 1958, The present electrode design
hes olrcody boon described; cxicl ports for the odmission of the two goses
end the electrolyte cre drilled in the rim, as shown in Fig.18;. when these
electrodes erc holted up together in the correct order, with rings to provide
spoce for the clectrolyte and with flot discs of metzl to scparate the
hydrogen fraa the oxygen in the adjocent cell, they form o bottery, the
voltage of which depends unpon the mumber of coils connected in' scricse
Radizl ports for ~dmitting ges or clectrolyte from the cxdel ports to each
cell cre provided simply by slotting the gnskets. AL distributor plete for
locding the grses ond electrolyte into cnd out of the battery is provided
cither ot onc c¢nd, or clse in the centre of the ccll-pocks The whole cssembly
is bolted up between two ribbed end platus, with powerful bolts, with clectricel.
insulction between the ends of the peck end the end plotes. Electricel
connections cre silver-soldered onto ecch clectrode, ond the inter cell
connections cre mode externclly; the mein connections sre of course mede to
the clectrodes ot ecch end of the poocks R . o :

Up %o 30 cells in suries heve been. opercied so for (sec Fige19), cnd no
special difficulties have been encountered with, for example, scoling of the
joints, excessive shunt.currents betwoen :cellsy cxeessive clectrolysis-in the
electrolyte ports, otc. But morc cxpericnce will-hove to be obtained with
large multi-cell pocks before relicblc rosults ern be quoteds

11. Development of Control Geor,

Control of gns odmission has clweys been a problem, as o very delicote
pressurc balence has to be maintained between the two geses in the battery.

i systoem hos now been workcd out vhercby os a basis the pressure of the oxygen

rencins constent under ~11 conditions of lord; this is cchieved with o stondard
twow~stoge reducing velve. The hydrogen then has to be admitted ot preciscly

the correct rate, so thot the two gos pressures sre balonced to within o few
inches woter gouge; this is donc by fitting an nccurate differenticl pressure
meter, which cctuates o power-operated velve admitting the hydrogen, the velve—
opcning being controlled by o scrvo mechenism opersiing with compressed odre

L fair cmount of cxpericnce hos been obteoined with this gecr which works
extrencly well, Figurc 20 shows verious items which mede up this control gecr,
mounted on the front of the protective fremework cnclosing the cell pocke

Much thought hos clso been given to the problem of the removel of woter,
ot the same rote ot which it is formed. Previously this hos been achieved by
circulating the hydrogen stecm mixture by thermosyphonic cction, the steam
being condensed out in o smell vessel outside the logging. In order to do this
in a lerge brttery, very lorge hydrogen circulating pipes and ports would be
necded, so it was decided thet o smell hydrogen blower would be used; it wes
considered thot o glondless form of drive wwould be necessery, in view of the
difficulty of mreventing hydrogen leckoge with o stendord type of glende £
nagnetically driven purp using o secaling shroud of thin non-mognetic metal has
been successfully employed for some time; it con be seen mounted undernecth
the boattery in fige19. The rote ot which the condenscte is removed from the
systom is controlled by switching the blowur on and off ot intervels, the

~, switch being controlled by 2 sccond diifcrenticl pressure meter which operates

on the pressure difference between the hydrogen in the system end the electrolyte.
In this woy, the removel of water is controlled by the total volume of clectrolyte
which should of course bc kept epproximetcly constonts The condensate collects
in o smell vessel, from which it is rclooscd periodicelly by o level-scnsing
device such os o cepacitor probc, The moin parts of this geor, which can be

&lso seen in Fig,20, hove becn in operction cnd cppear to work perfectly well.
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Until morc cxperience with this geor is obteoined, the mein level gouges will be
retained in usc, tut eventuclly it should be possible to remove then,

The initicl hecting of the bebttery is cccomplished by electrical hocters
mounted on the end plates ond round the main body of the bettery inside the
logging. Verious plons heve been suggested for meinteining the bottery ot
& constoent temperature when on lood, but the simplest is undoubtudly to ollow
cold cir to circulate round the battery, inside the lagging, the cmowit of
cold cir introduced depending on the tomperavure of the cell packa

Lostly, there is the problem of removing gos from the elcctrolyte
systemy 1t is difficult to mrevent entirely same generation of hydrogen and
oxygen by electrolysis in the cormon clectrolyte ports, olthough insulation
" with pe.tefecs helps considercbly. in this respect. . Morcover, there is clweys
the pocsibility that an clectrode ncy stert leaking, thus :1lowing gos to get
into the electrolyte systems This is trken core of by o level-scnsing device,
which will relecse any gos which moy collect ot the top of the elcctrolftc
_systcenm, by means of = solenoid operated wolves.

411 these controls msy seom somewhoat complicoted ond expensive, but -thore
is no doubt that they can be mede to work, ond with o lorger bettery they should
not be any more complcx cnd would then represent only o smell proportion of the
cost of the whole plant.

12, Ldv”ntagc" ond Spplications.

From whot hos been scid, it will be scen thot it is unlikely that this lkdnd
of battery could be competitive with cxisting types of accumilotor in smell sizg
owing to the high cost of the control geor in comporison with the overall cost
of the plant. Jnd in very small sizes it would be difficult to kcep the cells
up. to the working tempercture unless they were on load continuously ond unless
very efficient heat insulotion werc cmployed. It is difficult to quote exact
figures for minimum sizes until more exporicnce is obtained, but a power output
s small as 100 watts :LS belicved to bo fecsable with reolly good lagginge

One other foctor that must be cpprecicted is that it could not compcte
with say lead cccumlators on & weight brsis unless the length of time of
dischargc is grecter then cbout 1 houry; however, for longer times thon this,
the saving in weight should become increasingly irportint, cs showm in Fig.21.
The figurcs for conventionol accumilators ore o few ycars out-of-date, but the
general picture to-day is undoubtedly roughly the same, It is on o weight basis
that the hydrogen~oxygen battery should be sble to show it's principal advantoge
over conventiomal ecccumilctors. i curve for o Dicsel engine with fuel is elso
included, and this scrves to show that it will always be difficult to camoete on
o weight basis with o power generator which cen draw it's oxygen from the
atmosphere., Howcver, it is os wcll to beor in mind thot both accumulators and
internal combustion cngines have o great many years of corcful development

behind them, whereas the fuel cell is still in itz infency.

The fuel cell weight of 50 lb,/M shown in Fig,21 was worked out for =
lorge battery developing cbout 44 K¥.; this welght to power rotio will not
be achicved in the smadl cexperimentel unit now being built, anc it would be
unwise to hozard o guess cbout this until it is completeds The first
requircment has boen that it should work, reothor thon thet it sheuld have
minimum weight or volume,
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As regerds power per unit volume, the figure of 842 kl‘il/f‘!:.3 of.intemal
cell vo%ume hns already been quoted for a cell voltage of 0.68; o figure of
3H/ft,” for the whale battery without control gear, wes quoted by on independent
body some ycars ago, for a cell voltage of 0.8.

It has always been hoped that some speciclised applicotion will arise first,
an application for which a fuel cell is particulerly suiteds In this connection,
the possible use of fuel cells in sotellites snd space vehicles is of great .
intcrests Then, when furthor expericnce has been obtained, it should be possible
to cnter the commercial field in competition with stornge batteries which have
alrcady been develowed to a high pitch.

It would scem that fucl cells of this type are most suitable for traction
purposcs, both road and rail; the combination of battery and direct current
scries wound motor provides an ideal propulsion unit for mony types of vehicle,
the limiting factor so far being the weight of the battery. The gases would
probably be generated by electrolysis of water, and in this conncction the
development of on efficient high pressure clectrolyser in Germany is of great
intercst. It is well known that the cost of clectrical power from the
National grid is considerably less than thet of power produced in o pctrol
engine, and this is of special importence wherc the vehicle is subject to
repeated starts and stops.

Further, if finally most of the pawer is generated on a large scale
from nuclecr cnergy, the cost of the clectricity will be mainly duc to the
capital cost of the plant rather than to thc cost of the nuclear fucl; and
the nced far some kind of large scele storoge will become increasingly
importent, as little will be saved by shutting down the plants during times
of light load.

Other advantoges of this kind of fuel ccll arc that it is eble to take
large overloods at reduced efficiency without demage, it is silent and free
from vibration in operation, it has very few moving parts and the “exhaust" is
only water; moreover, the "charging" process would mercly consist of refilling
with the two gases, o very repid process.

With the advent of new methods of storing hydrogen and oxygen, elther in
liquid form, or elsc in the former casc as 2 compressed gas at a very low
temperature, it would seem conceivable that vehicles could be propelled over
reolly long distonces with fuel cells; ond in view of the rapid depletion of
the world's oil supplics, the development of a proctical fuel cell should,
in the author's opinion, be given a high priority.

The author would like to thank his collecagues who have given invaluable
help in the preparation of this paper; ond in porticular Dre R.G.H. Watson,
now at the Ldmiralty Materials Loboratory, Holton Heath, England,

He would also like to thank the Electricel Research Lssociation and the
Ministry of Power for valuable financial assistance over many years of rescarch;
also Messrs. Marshall of Cembridge, who arc nov providing foeilities for the
development work and who hove given all possible advice ond help; and
specially the Notional Rescarch Development Corporetion who are now financing
the development work, and who have kindly given permission for the publication
of this paper.
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FIG. k.

MICROSECTION SHOWING COARSE FORE SIDE
OF HYDROGEN ELECTRODE (x 150)

FIG. 5. MICROSECTION SHOWING COARSE AND FINE
PORE LAYERS OF OXYGEN ELECTRODE

(x 38)
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Increase in weight
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Fic. @ CORROSION OF SAMPLES OF NICKEL PREOXIDIZED IN
THE PRESENCE OF LITHIUM HYDROXIDE AND EXPOSE

65 % KOH AND OXYGEN AT 300°C. AND 800 Ib./sq. in. TOTAL
- PRESSURE,

Each curve represents a pair of samples.
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Test at 260°C .

Test at, 200°C. is%in oxy‘gen
and 51 % KOH at a tota
pressure of 600 tb./sq.in.
Test at 260°%C. is in oxygen
and 51 7% KOH at a tot:afg '
q_ressure of 800 Ib./sq.in.
est at 300°C. is in oxygen
and 65%K0H at a tota

ressure of 800 lb./sq.in.
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co_nta'mfng lithium , the “oxide l_ayér-s-bgingwf similar thickness.




B . o . (Fow ges eI oob 15,502) o ‘
: »_Qué;..._uo-_barv T30 VIO,01 HLIM MY OS G3INIVIGO 3ONVYWA0I34 163875 5@DId

SdHvObLZ

{ | 2d3/Y KLSNIa INTHIND
ovr oov ast oog osz o ost o1 ‘o8 o:
- - °
;-tl
/ 4
| )
“.
-
v ﬁ
j k9
3
§ r
o3
P}
w ¢
//
= // ¢
//
, 1

£ oSt oo os% cos O 1 ool os o
WD RNV VE [o L N C 1Tt




S TN T T T T

>

1
-
O

z13/v3Ls
Fwo/yw 00 00¢

3P0ULO2|d Me.
2y pavosiod -
Yim mocmELo,th-/.x/

.m.o

apouj03[2 ?HY
pajeAntoe AjySiy YyaIm
ajqissod souewuoyiad 3sag

O

04

Il

—~58 -

2p0ou3o3|d uadlx(Q
ade3j0A 31ndJ1d uado |en1oy-e

(pauosiod) =

dpou3dale uaSoupA} [ PPUEISISAY B
NN WU, | e el nl.l....l-llulnll'")lnm.—

a8e7]0A 31NAUID-UBdO 118403y ],




-~ 59 -

"NOILNIO0S HOM NS Ni 3dgnNivi3dwWwal
ONIAYVA LV 3a0¥LD3TI NIDOVJAH J0 NOILVZIIVI0g Ol Dig

dwe ' quadans (j99

09 0-S 0 0-¢ 0 0l 0
£
\A\Q\ \ )
~ e T
/
\ /
A \+ 3
'’ 0\& ¢-0 <
\ P o o
79,00 P o S A
i\\\\\u. \A -
10,08! — €0
° D.00I
7-0




\I\Jlt

1-2

COr

Fia. jl. REVERSIBLE VOLTAGE OF HYDROGEN-OXYGEN
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HIGI TEMPERATURE GALVANIC FUEL CELLS™

by

G.H.J. Broers
Central Technical Institute, The Hague, Netherlands

ABSTRACT

Stability of electrolytes for high temperature fuel
cells will be discussed. Of all electrolytes investigated, only
fused carbonates appear to be stable. The development of labora-
tory model magnesium oxide - carbonate cells and interpretation
of their characteristics will be described. Performance results
with regard to electrode gases and stability are surveyed.

~

* Manuseript not recelved in time for preprinting.
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The High Temperature Fuel Cell
And the Nature of the Electrode Process

E. Gorin and H. L. Recht

CONSOLIDATION COAL COMPANY
Research and Development Division
Library, Pennsylvania

INTRODUCTLON

Considerable activity has been generated in recent years on fuel
cell research, The work has encompassed many different types of cells,
The major portion of ths work, however, has been concentrated on the lowl)
and medium temperature®/ hydrogen oxygen cells and on the so-called high
temperature gas cell,

No attempt will be made to review the rather Voluminogs literature
in this field since many excellent review papers are available3),

The high temperature cell may arbitrarily be defined as a gas
cell which operates at atmospheric pressure and at temperatures in the
general range of 500-900°C, It operates either with hydrogen or mixtures
of hydrogen and carbon monoxide as fuel gas and usually with air as the
oxidant. This is the type of cell which has excited most interest as a
potential source of Central Station power.

Work on the high temperature fuel cell is now underway at quite
a few laboratories throughout the world. The most extensive and probably
the most successful work has been carried out at the University of Amsterdam
under the direction of J. A. A. Ketelaar4/. Broerss) in particular has re-
cently published an extensive account of the work carried out at Amsterdam.

Work has been conducted until recently on the high temperature
cell at Ehe laboratories of the Consolidation Coal Company. Recent publi-
cations®’ have described some of the experimentel results as well as meEPods
that could be employed for effecting the integration of the cell operation
with the gas manufacturing process. Such integration is essential to realize
the potential advantage of the fuel cell in achieving a high efficiency for
power generation,

The high temperature cell7) ut}lized in this work has been similar
in most respects to that used by BroersS/, The electrolyte used was mixed
alkall carvonates disposed on a specially prepared pure porous magnesia
matrix. In addition to the metal gauzes used by Broers, porous sintered
metals have been used as the fuel electrode and a semi-conducting lithiated
nickel oxide refractory as air®) electrode. Likewise, metal gauzes, and in
particular nickel and silverhave been found to operate satlsfactorlly without
the powdered metal activators used by Broers.,
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The basic problems that remain to be resoclved before the fuel cell
can attain commercial stature are the attainment of a system of acceptable
life and power output, The resolution of these problems could be consider-
ably expedited if a better understanding of the manner in which the cell
functions were available.

The purpose of this paper is to present some thoughts with regard
to the mechanism of the cell action., The experimental work carried out to
date has not been sufficiently extensive to provide positive confirmation
of the theories presented, The mechanism is put forth, therefore, without
adequate experimental proof, in the hope that it may prove useful to other
workers in the field.

EXPERIMENTAL METHOD AND RESULTS

The construction of the fuel cell, the method of fabrication of
the components and the operati?g procedure have been described previously
and will not be repeated here’/, Likewise, some of the experimental resultss!7)
have been presented before although in somewhat different form.

The data presented here serve as a basis for discussion of the
mechanism of cell action, Most of the data given here revolve about the use
of hydrogen as fuel gas, Considerable data have been accumulated also on
carbon monoxide-carbon dioxide mixtures as fuel gas. The power outputs
achieved are, in general, considerably lower than with hydrogen, These data
are not included since the discussion revolves largely about the mechanism
of the hydrogen and air electrodes only.

It is felt that the utilization of hydrogen will be the determining
factor in any potential practical fuel cell system. All fuel gases that would
be utilized in practice would be rich in hydrogen. Due to the relatively poor
performance of the carbon monoxide electrode, the major portion of the carbon
monoxide would likely be utilized indirectly through conversion in situ to
hydrogen by means of the water gas shift reaction. The major distinction in
practice between the low temperature and high temperature cells would be the
ability of the latter to utilize the carbon monoxide even if it is only in-
directly as discussed above.

Operating data obtained with the carbonate type cell are summarized
in Tables IA and IB,

The electrolyte employed in the work reported here was an equimolar
mixture of sodium and lithium carbonates throughout. Carbon dioxide was always
added to the air stream as a depolarizer, The amount used is specified in
Table IA.

The results given in the table are, except for individual cases
noted, smoothed results. The method of least squares was used for this pur-
pose based on the assumption of a linear drop in cell voltage with current
drain, In order to apply this method it was necessary to correct for the
decrease in open circuit voltage due to change in gas composition as a result
of accumulation of reaction products with current drain. The theoretical
voltage was calculated by the application of the Nernst equation. This
figure is listed in Column 4) of Table IB, It is noted that the theoretical
voltage with no current drain could not be calculated since it is effected
by the very small but unknown amount of carbon dioxide in the hydrogen fuel
gas.,
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The application of the statistical method to the treatment of the
results is illustrated in Figures 1 and 2. The dotted lines present the
field in which the experimental data should fall within a confidence limit
of 95 percent.

The fit suggests that the cell operates without substantial
electrode polarization at T00-750°C with porous nickel fuel electrode and
either silver gauze or lithiated nickel oxide as the air electrode.

The above statement must be qualified, however, by‘thé area as shown
for the confidence-limits. . A polarization of up to .06 volts is permitted at
750°C and of up to .08 volts at 700°C,

Another check for polarization is the agreement between the cell
resistance as measured directly by an A. C. bridge and that determined by
the least squares analysis., The agreement is excellent for Run Ag2b at
T50°C, BroersS), likewise, reports excellent agreement betiween calculated
and measured resisStance even at lower temperatures, In the T00°C runs,
however, the calculated resistance is definitely higher than measured. This
does not necessarily indicate polarization, however, as will be shown later..

No realistic comparison could be made between measured and calcu-
lated resistance in many of the runs shown. Tals 1s because the open circuit
voltage falls in some cases below the theoretical value. This is attributed
to limited mixing of the fuel gas and air through microscopic cracks in the
ele:crolyte matrix. Such cracks were oovserved after the runs were completed.

A Tew other interesting observations can be made. Silver is seen

~to be a Tair hydrogen eleetrode although not nearly as good as nickel. It

is practically worthless, however, as a carbon monoxide electrode.

_Iron does not appear to be as zood a hydrogen electrode as nickel.
The data preqentea are not conclusive on this point, Numerous other data
not presented here all point, however, tc the same conclusions.

) The above discussion is generally in accord with the findings of
BroersS/,

Internal Resistance of the Cell

The hizh internal resistance of the cell during operation is note-
worthy. ©Separate conductivity measurements were made to determine whether
this could be atiributed to some peculiar property of the electrolyte matrix.

Measurements were made with the matrix loaded with an excess of the mixed
carbonate melt, Two Tlat silver gaskets were used as electrodes. An averase
value of the res*st*nce/vﬂ of 0.7 onm was found in the temperature range of
700-300°C, Tne expected value from the thickness and porosity of the matrix,
0.2 cm and 23% respectively, and the specific conductivity of the melt 2.9
ohn~! cm is only 0.25 onm, Even s0, the measured value is smeller by a factor
of T7-10 than that observed during cell operation, Broers also found a similar
high resistance during cell operation,

Tne high ratio between the resistance measured during cell operation
and the inherent resistivity of the elecirolyte matrix can be taken to have
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the following significance. The melt inventory must be adjusted until a
small area of contact is maintained between the electrode and the electrolyte.
This may ve required to maintaino proper access of the zas to the electrode
surface, and greatly increases the effective resistance of the electrolyte

if the contact area is sufficiently small.

Considey for example, an idealized model where the electrode main-
tains symmetrical square areas of contact having individual areas A2 ard a
spacing between contact area d as shown in Figure 3.

The effective resistance of a.cell containing two such idertical
infinite plane square mesh electrodes separated by an electrolyte of thickness
may be caleculated by a solution of Lapluces equation which relates the
potential V to the position ir the electrolyte

@32V = ¢

The calculation desired is the potential drop across such an electrode system
as a function of the current density T and the specific resistance K. 7This
can then ve compared with the potential drop across plare flat electrodes.
The appropriate boundary conditions and solution of the above partial dif-
ferential equation for this particular case was given previous];/eb and is
omltted here for the sake of brevity. The solution is shown gzrarhically

in Figure 4 where the ratio Rerp/R is Dlotted as a function of <£/d with

4/d as a parameter. Repp/R is the ratio of the effective resistance to the
resistance obtaining in the case where one has plane flat electrodes.

It is noted, for example, that the experimentally observed raulo
,ff/R of about 8.0 could be explained if the spacing d is about 3.2 x 102
and A/d = 1.8 x 1072, The above corresponds to an. £/d ratio of 6.3 v}:ucb.
is in accord with the electrolyte thickness of 2 mm used in our work, It is

interesting to note that such a situation corresponds to confining the electrode

reaction to omly 3.2 x 10~* cm?2 per square centimeter of electrolyte surface.

The effective resistance ratio is very much a function of the spacing
between contact areas. It is clear from Figure i that the resistance drops
markedly for constant fractional active area as the spacing decreases. The
importance of this factor in optimizing cell design 1s obvious.

Another way of illustrating this point is to repeat the same calcu-
‘lation with a different geometrical pattern. This was done with a parallel
wire type electrode as shown in Figure 5. 'Such a system would correspond to
the "hypothetical" case of a wire gauze electrode where none of the cross
vwires made contact,

Laplaces equation for this case was solved with the following
pertinent boundary conditions:

o = TR . -)(or X=— to + 4

= O ')('°" X= ‘%b—%
an ol )(‘-'-"‘éé_~é d/z.
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+ was assumed again for gimplicity that both electrodes were identical.
The solution is

o

¢

i
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e
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&
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where r = A/d and R is the speciflc resistance.

The fractlonal area covered in this case is A/d as against (A/d)2
for the square mesh electrode. The points therefore were plotted with this in
mind such that (a/d}¥2cor. the parallel wire type electrode corresponded to
s/d for the square mesh type._- .

. It is readily seen that.the parallel wire type electrode can tole*ate
a nuch gmaller contact area without a large increase in cell resistance. Again

Atne desirability of malntalnlng close spacing between contact points in cell

sign is enrohas:. zed

Sincelthé actual area of contact during.operation of our cell was
unknown one camnot state definitely that this is the major cause of the high
resistance observed. Rather it seems likely that the low melt inventory
itself may ve partly ‘responsible by causing part of the electrolytic conduction
to be effected through small zones of extremely thin layers of melt.

As will be shown later, however, i1t is possible in principle to have
a-relatively low resistance as measured with an A. C. bridge and an effectively
high resistance during cell operation as a result of the electrode reaction
being concentrated in a very small area.

Maximum Rate of Electrode Reaction

) The electrode reaction as mentloned above must be concentrated in

a very small ‘area due to the difficulty of providing acess of the gas through
the three phase limit where electrode,electrolyte and gas meet. The minimum
area required may be estimated as follows. The electrode reaction can certainly
not take place, in the limit, any faster than gas molecules striking the metal
surface can be adsorbed. Portunately, Eyring®/ has provided us with a method

" of estimating this rate using his theory of absolute reaction rates, For the

case where gas molecules strike a surface to form an immobile dissociated adsorbed
film, Eyring gives the e€quation

o _#1/ e" E;/m_

. é,e L. .
VAR S Al ey o oy ey A C )

vhere Vi 1s that rate of adsorption in molecules/cm? sec and Ey 1s the activation



~76-

energy of adsorption. If we use 4= L and Cq = 10%° sites/cm2 as suggested
by Eyring ome calculates the adsorption rate for hydrogen as

S TSR
77 ?7,.,, w & H70/S /c,,, Ko

] ‘/".’/4"

/

(%)

Thus, if E; is small, i.e., equal to 3000 cal/mol, the encothermic heat of
solution in nickel, the rate can be as large as 130 mol/cm2 sec at 750°C,

The above rate is sufficiently large such that a current density of 100 ma/em?
could be achieved on a surface as small as 4.0 x 1072 cm2/em2 of electrolyte
area. Such a concerntration of the electrode reaction, however, would , in
view of the preceding considerations, cause a very considerable increase in
the effective resistance of the cell.

. In the case of the air electirode, under comparable assumptions, the
maximum rate of the electrode reaction would be somewhat smaller due to the
lower partial pressure and the higher molecular weight and moment of inertia
of oxygen. Even so a rate of the order of 1 mol/cm2 sec 1s possible 1in this
case.

The Three Phase Limit

It is obvious that some mechanism must be in force for broadening
of the three phase limit. Otherwise two deleterious factors come strongly
into play, i.e., activation polarization as a result of concentrating the
electrode reaction on a very small area and the concomitant high effective
resistance discussed above,

Three mechanisms may beicited, diffusion of the gas through a thin
film in the neighborhood of the interface, permeation of gas through the bulk
electrode metal and finally surface diffusion across the electroce surface.

The first seems unlikely even though data on the permeztion of gases
through: salt melts at high temperatures is unavailable.

Some data are available, however, on the diffusion and permeability .
rates of hydrogen and oxygen through aqueous solutions of electrolytes.,  For
example, the diffusion constant of hydrogen through 20% NaOH solutionl®/ is
reported as about 10-5 cm2/sec at 25°C. The solubility Co is of the order
of 2 x 10”7 mols/cc at atmospheric pressure. The rate of transport of hydrogen
to the electrode surfaceperundt area through an electrolyte film of thickness
d is thus

where C is the concentration at the electrode interface. The exposure of
as much as 1 cm? of surface to a thin film. of electrolyte per cm® of elec-
trolyte area seems rather urnlikely with electrodes of the type used in this
work. Even so one calculates in the above case that the average thickness
of electrolyte film would have to be less than 6 x 10~® cm to maintain a
current density of 100 ma/cm2.

Corresponding data are absent of course under conditions where the
“high temperature cell operates but it is not likely that the permeability of
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throuzh salt melts would be any higher due to'a probably very' low

i1ity of zases It would be interesting of course to obtain -

Data are availlable, however, from which the rate of permeation of
gases through metals can be ca.lcula.ted
bility of hydrogen in nickel and iron are those of Armbruster*l’,
gives corresponding data on the diffusion cqnsta.nt of hydrogen in- nlckel
Cormbiningz the two sets of data, one finds - the pemeation rate of
through nizkel at atmospheric pressure P = DCo = L 46 x- 10

mols/en? sez,

Probably the best.data on the solu.-

The permeation ‘rate at 750° ¢ s thus 2,37 x 10'9

‘molsfen? ‘set/am o greater by a. factoriof. 1
throuca elecirol yte solutions a.t room uempera.ture. .

’s.han the_ pemaxioa af byd.rogen,

"oncerned with an ezamination of the

"me rest cf this m.per i
peraeation of zases throu:,h the metal-el ectrodes as_a mechanism for broad,enlnv
the three phase llm:.t

Some consideration 1s given also for the last mechanism. S

Permeable rIeta.l Gas Elac»rades

. - ‘simpl.“ied mod.el ‘ean be set up of the m.eta.l electmlyta contact
suck that the praoblem of-a penneable métal -electrode -reaction- can be itreated

mathematically.:

“Such-an 1dealized model is’ represented. graphically, in Flgure .

6.. Here a cross section ‘of the-contact bétween the electrode and electrolyte ~
matrix-is representéde:s
granule. of ‘radius r, . of the ‘porous metal electrode:.or of a cylindrical wire
of the .same radius for the.cage.where a.wire gauze electrode is used. )
va.nule"‘, represents the ‘portion of the.cross. séction where comtact.is main-_ B
ta;.nea .}etween the electro}.yte and the: metal electrode surface. .

-The .cross..section represents: either a spherical metal

’ It Is now necessary to make assumptlons relatlve to the rate con-
urolllno processes.
It is assumed, therefdre;- that the rate of’ solution of-gas into the metal is

.controlled by

“These musi be made’ primarily on a basis of ' 'reasonableness’

the rate.of penetration of the gas from an .adsorbed. layer of -
Similarly the rate of dissolution 1s controlled'by the -

dissociated atoms.
rate at which the zas penetrates the metal surfa.ce to- form the same adsorbed

Tayexr

m‘@e*lmenta.ll" it is” known the rate of solution and dissolution of

gas’ in metals
netal bulk*2),

is very rapid relative to the rate of permeation through the’
No information is available, therefare, on the rate deter=
The experimental facts are also

minlng stev Tfor adsorptlon and desorption.
consistentwith tbe nypothesis that the dissolved gases are present in dissociated
form when dissolved in metals. .
sidered as being present in dissociated form.

" Two
adsorption is
centration in

‘The adsorbed layer may therefore also be con-

further assumptions are now required, namely, that the rate of
very rapid relative to the rate of solution such that the con-
the adsorbed layeris in: eguilibrium with gas phase. -

it is. assumed that the electrode reaction involves the adsorbed layer and

agdin. this is

‘vexy -rapid relative to the rate of desorption from -the metal

‘bulk, Thus again, the equllibrium electrode potential is maintained as deter-
mined by the concentratlon in the adsorbed layer. .
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Since the electrode must be at constant potential, it follows that
the concentration of the adsorbed layer must be constant at all points within
the electrolyte. This concentration C; may be considered to be equivalent
to that in equilibrium with gas at a pressure P, in atmosphere, i.e., Cp =

Co I Pi. similarly, the concentration of the adsorbed layer in the area
outside of the electrolyte Cg, must be constant n equilibrium with pressu.re
of gas existing in the gas phase, il.e., Cg = Co [ Pg. Co 1s the concentration
in equilibrium with 1 atmosphere of gas.

The rate of permeation of the gas through the electrode may be ob-

tained by solution of Ficks diffusion equation., For steady flow this reduces
to

D V‘c =0
, (5)

The boundary conditions for solution of the above equation based on the above
assumptions are:

pe%l - -A(e-c) Yo B U
s(£). - hle)  VHET

where k 1s the rate of desorption of the gas from solution in the metal and
C 1s the concentration of gas in the metal.

We obtain two solutions for the two cases considered:

a) Spherical Electrode Comtact

L= (ci 4€, Z f-![’Z-C’,)# (;w)(c;—(.’)z [ﬁf‘) mn‘_]ﬁl-\') -
<

A (e )

where x = cosPand h = cos Y

and Pp Cﬂ)are the Legendre polynomials of the first kind.

F= WA,D(_Q;CI)X-;
(M
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where
o0

| o Crust- Bt]™
X, = é%),.,z, ITDICESD @

The flux F above is the total flow of gas through the metal electrode -
surface and is obtained by the integration

_ o
2 ac it At
= — T D] i’
F y C:Vz. fres,

(9)
Fow the flux F must equal the current flow so that we obtain
Py (/— y.’l/X. = L
N7r/ll Pa ,3 1 ) ?6{00"7
- : . (10)

where A is the current density in amps/cm®, N is the number of spheres
making contact/cm® area, n is the number of electrohs involved in the electrode
process (2 in the case of hydrogen) and P = DCo is the permeability of the gas
throuzh the metal, The above equation may be used to calculate the extent of
electrode polarization AE as determined by the slow permeation through the
electrode .

.~ . ’[17 £
AL = é?ﬁ} (/f%

(1)

- The maximum current that may be drawn is determined by the value of
A in equation (1Q) whem p; = O.

The basic assumption in the above derivation is that activation
polarization is absent, i.e., the electrode reaction is very rapid. It will
be seen in what follows that a.rapld electrode reaction is a necessity in order
to obtain adequate permeation rates in any case.

An interesting feature of equation (10) is that the permeation rate
decreases only as the square root of the pressure, This tends to favor this
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mechanism of troadering of the three phase limit in the low pressure rangs,
The extent of polarization is thus proportipmal to permeation rate of the
electrode P and is, as r]_l be seen later, relatively insensitive to the rate
of the electrode process.

b) %nldrlcal Wire Electrode Contact

The solutions of equation (5) are obtaired in this case in exacily -
the same fashion as before, They are given below

' ' ' 1 sy, Ccan
‘C"C; "g(?_f’}hi{é)/j%/Z‘ I";n[ﬂf A )

{

F- D(f;‘c/( L)+ )2 n('n+ 293

VNP%; (’,_'@)Z?' ¢Zj'r;:77 | | ,m)

L #(%)2 5ok

(15)

The form of the above equations is very similar to the spherical case. KN in
this case is defined as the number of cylindrical wires of unit length in
contact with 1 cm2 of electrolyte surface,

It is noted that in all cases the flux factor X in the above eguations

is determined only by the term ( -&% ). The rate constant for the electrode
reaction k is unknown. D

P

AN
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However, it is possible to make some deductions from the experimental
data as to the permissible range of this rate. It is implicit in the above
derivation that the rate of the electrode process k (Cg - Cy) must be less
than the rate of adsorption from the gas phase.

Consider now porous nickel as a hydrogen electrode. It was shown
previously that a maximum value for the adsorption rate at 750°C is of the
oz-der of 130 mols/cm2 sec. For hydrogen in nickel D = 6 x 1073 cm? sec - and

= 3 x 1075 mols/cc at 750°C. Thus for a particle of 65 microns diameter
m.ea.u particle size of the metal granules in the electrode used

hejcro A <20t

- It is therefore clear that for the present very large values of
( 3-‘ ) are not ruled out. Computations of the flux factor X, however, become
very laborous for values of ( i/_q } > 500. Computed values of the flux factor

as a function of the contact angle?'l and the flux factor are shown in Figure 7.

Tt may be shown from the behavior of equation (8) that as #£% increases indefinitely
so does the flux factor. It is seen from Figure T tha¥ X may be extrapolated to
higher values of {( £4/p ) by use of the empiricsl relationship

af%)"

} ’Ihe polarization curves calculated in thisway ﬁ:rsevera.l assigned values
of ( *2r ) and for several immersion angles are illustrated in Figure 8. The

cases shown correspond to perfect contact between the electrode and electrolyte,
i.e., every granule in a close-packed array makes contact.

It may be noted that the polarization curves are readily translated
to different values of P, N, r, and X, Thus, the current density at which an
equivalent polarization is obtained is proportional to P, N and X. For close-
packed array of contacts it is also proportional to ry. For the same number of
contacts/cm® it is inversely proportional to rj. .

The experimental results with the hydrogen nickel electrode showed
that the polarization voltage was less than .08 volts at temperatures above
700°C. It is seen from Figure 8 that such a result can reasonably be achieved
with the permeation mechanism cited although the case is far from proven.

The permeation rate, as noted above, goes down with temperature., Thus
at 600°C it is lower by a factor of 3 and consequently only 1/3 as much current
could be drawn before an equivalent amount of polarization sets in. The earlier
onset of polarization at lower operating temperatures bas been noted in our work .
and by others.
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The polarization curves shown in Figure 8 correspond to rather perfect
contact between electrode and electrolyte. The effective resistance ratio may
be estimated as discussed above. Take for example, the case shown fory¥ = 5°,
the values of A/d., and /4 in this case are .02 and 30 respectively.  Re-
ferring to Flgure 4 the calculated Reff/R = 2.5 which is considerably smaller
than the observed value of 7. In actuality, less than perfect contact may
be anticipated. The case is also illustrated in Figure 8 where only one in
two particles at the electrode surface actually make contact, The predicted
polarization in this case is in accord with that observed while Repp/R Tises
according to Figure 4 to 3.5 which 1s closer to the observed ratio.

One must make one important qualification, however, since it can be
shown that for high values of *"/D) the current is concentrated over a relatlvely A
small fraction of the total contact area, Thus the effective resistance ratio
would actually be greater than the value estimated above. . |

As a matter of fact, a peculiar feature of this treatment of the
electrode, process i1s that an extremely rapld electrode reaction causes it to
be concentrated in a small area and thus increases the effective internal re-
sistance of the cell. '

The iron electrode may be evaluated in a similar fashion. The per-
meability of hydrogen through iron from the data of Smithells and Ramsleyla‘)
may, be described by the following equation i

- -9800
Po = 2.0L x 10" € —R¥—  mols/cm® sec/em. Thus,

Po at T50°C is equal to 1.8 x 107% which is very close to the value for “he
permeability of nickel. On this basis its performance as a hydrogen electrode
should be very similar to nickel which is in accord with the facts.

The relatively poor performance of carbon monoxdde electrode may be
ascribed to its low permeability through the metal electrodes,

We will now turn our attention to a discussion of the silver electrode.
This electrode was used both as a hydrogen and air electrode in the form of wire
gauze. We therefore use equation (15) to discuss this case. The variation of
the flux factor X with (%‘-) using the contact angle as parameter is shown in

Flgure 8 . Again the flux factor may be extrapolated to higher values of (‘%ﬁ )
by means of the empirical equation

r-alt)

The Justificatlon again is the behavior of equation (15) which shows that X
increases indefinitely as ( - B‘__ ) increases. As a matter of fact it may be

shown that equation (15) takes the form

Q L2
2 I V74 (16)
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. The above series diverges and thus X,becomes infinjte.

(42 ) o

Likewise 1t may be shown the current is concentrated in an in.fj.nitely small area.
The permeability of oxygen through silver was measured by Johnson and
LaRose, Their results may be expressed by the equation

SO 11.2

T
8:. 6.2%X/0 & : and shows a value for

Po of 9.3 x 1071 mols/cm? sec at 750°C. The. diffusion- coefflcle)mt may be ob- -
tained by combining the solubility data of Steacie and Johnson®5/ with the

above permeability data. Thus the value of D at 750°C is 9.5 x 107® cm2 sec™?,
By the same argument as was developed previously for nickel we find than the
maximum possivle value of ’Dl“ = T x 107, The maximum current that can be
drawn in air under the assumption.that all wires contact the electrolyte matrix
throughout their length can now be computed for various assigned values of (-*Q—r )
These fijures are shown in the table below'

Short Clrcult Cu.rrent For - .
.30 Mesh Silver Wire Gauze n.lectrode r; = T x108 cm

Contact -~ - X3 - Short Circuit
Anzle o D .. Current mafcm?
12,8° . 2000 . 5.0
1,28° Lo 2000 : 2.8
1.28° T x 107 k2,0

‘It is now seen that permeation through a silver air electrode is nowhere

sufficiently fast to.explain its performance,

Similar considerations may be made with regard to the silver hydrogen

" electrode. Accurate data are. not available for the permeation rate of hydrogen

through silver. The indications again are, however, that it would be in-
sufficient to explain its performance as a hydrogen electrode.

To resolve these discrepancies, it is necessary to assume that the
permeation rate through a thin surface layer of the metal is much greater
than through the metal in bulk, ZEquations may be derived for this case in
a similar manner to the bulk permeation case treated above. The result,
for example, for rapld permeatlon through a thin surface spherical she]_l of
thickness A is given below

N ~”. . -c' X‘
F= \TF&.D(% ) X5 an

&)Z o[t~ Butt]

. \ (p?ku-//(b? +

AD(HI)> _ (18)
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Thus, the form of the equation is identical to that for tulk dif-
fusion with the only change bpeing in the flux factor X3. The dependence of
the polarization voltage on the system variables is thus identical.

In conclusion, the performance of the nickel and iron electrodes
can be explained on the basis of the bulk pemmeation rate through the metal.
The silver electrode performance required the introduction of the comcept
of accelerated surface diffusion. FPFurther experimental data are required
to determine whether variation of cell performance with system variables such
as gas concentration behaves in the predicted fashiom. .
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Table I

Summary Fuel Cell Performance Data

Run No. Temp. ,°C Fuel Electrode ~ Air Electrode - Fuel Gas Comp.
Ag-2a Too "D" Porosity 80 Mesh 97% Ho-3% H20
Porous Nickel Silver Gauze
Ag-2b 750 " " "
A8-20 800 " " N n
Ag-12 750 w u “
Ag-13 800 Fe Powder on "D"
Porosity Stainless
Steel . " "
N-6 T00 "D" Porosity Porous Lithiated
Nickel Nickel Oxigde "
N-16 750 - "D" Porosity Lithiated :
Porous Nickel Nickel Oxide "
Ag-TB 825 80 Mesh 80 Mesh
Silver Gauze Silver Gauze "
Ag-TC 825 " " 200 -1 COs

% COp in Air
16.6

16.6
16.6
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Table I

Summary Fuel Cell Performance Data

B. CURRENT DRAIN BEHAVIOR

Voltage Specific Resist..ohm cm
Current Density Calc, Open
Run No. ma/cm? Measured Circuit Measured Calculated
Ag-2a 0 : 1.216 - 6.4 9.1
30 0.918 1.191 L Jr
65 0.578 1.170
Ag-2b 0 1.250 - 5.2 5.3
30 1.012 1,180
65 0.T8L 1.128
100 0.572 1,100
127 C.h26 1.076
Ag-2c 0 . 1.170 . - 7.6 -
65 0.625 1.191 l -
100 0.418 1.160 : -
Ag-12 0 1.180 - Tk
: 35 923 1,184 -
65 .680 1.145 +
Ag-13 Q 1,143 - b.2 -
32# 0.832 1.206 3 -
Ag-TB o] 0.181 0.931
10% 0.140
N-6 0 1.230 - 7.3 1.1
30 0.872 - 1.212
65 0. 440 1.165 ‘L
100 0.030 1.138

*  Actual experimental points.
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Figure S. Diagram of Parallel Wire Type Electrode

Figure 6. Diagram of Electrode Contact
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MOLTEN ALKALI CARBONATE CELLS
WITH CAS~DIFFUSION ELECTRODES®

by -

. David L. Douglas .
Research laboratory, General Electric Co.
Schenectady, New York

ABSTRACT

The application of gas-diffusion electrodes to high temperature fuel
cells offers the possibility of obtaining the large current densities associated
with such electrodes in low temperature cells, In addition the high internal
resistance, electrolyte contamination and fragility encountered in the magnesia
diaphragm cells are avoided. The problems which arise in connection with
design and construction of gas-diffusion electrodes are control of pore size
distribution and selection of materials.

An apraratus has been assembled to study the performance of small
gas-diffusion electrodes immersed in a molten mixture of lithium, sodium and
potassium carbonates. A reference electrode, consisting of a porous plug of
gold sintered into a gold tube, permits study of the polarization character-
istics of the individual electrodes. This is operated as an unloaded cathode
(oxygen electrodes). Gas-diffusion electrodes have been fabricated success-
fully using commercially available porous nickel and stainless steels and
various sintered silver powders., Nickel shows very liitle polarization as
a hydrogen electrode at temperatures above 500 C. Porous U3l stainless steel
as a carbon monoxide electrode shows comparable polarization losses at 600 C.
The data suggest that both the hydrogen and carbon monoxide electrodes suffer
some activation polarization. In agreement with other workers we have found
that silver makes an oxygen electrode showing negligible polarization above Q0 C.

The cell assembly, although having large electrode separation,
yields power densities at 600-450 C. comparable to those obtained from
magnesia diaphragm cells operated at higher temperatures. It is anticipated
that these will improve greatly when parallel close-spaced electrodes are
used, No life tests have been carried out, but cells have been operated
continuously for 100 hrs. Individual electrodes have operated without
failure for several hundred hours. It appears that the operating life of
electrodes will be limited by corrosion processes at the electrodes.

* Manuseript not received in time for preprinting.
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